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following activation

Brian H. Ladle®"2, Kun-Po Li®<", Maggie J. Phillips®, Alexandra B. Pucsek?, Azeb Haile?, Jonathan D. Powell?,
Elizabeth M. Jaffee?, David A. Hildeman®<"2, and Christopher J. Gamper®"

2Department of Oncology, Sidney Kimmel Comprehensive Cancer Center, The Johns Hopkins University School of Medicine, Baltimore, MD 21231;
Plmmunology Graduate Program, University of Cincinnati College of Medicine, Cincinnati, OH 45220; and “Division of Inmunobiology, Department of
Pediatrics, Cincinnati Children’s Hospital, University of Cincinnati College of Medicine, Cincinnati, OH 45229

Edited by Susan M. Kaech, Yale University School of Medicine, New Haven, CT, and accepted by Editorial Board Member Philippa Marrack July 18, 2016

(received for review December 11, 2015)

DNMT3a is a de novo DNA methyltransferase expressed robustly
after T-cell activation that regulates plasticity of CD4* T-cell cyto-
kine expression. Here we show that DNMT3a is critical for direct-
ing early CD8* T-cell effector and memory fate decisions. Whereas
effector function of DNMT3a knockout T cells is normal, they de-
velop more memory precursor and fewer terminal effector cells in
a T-cell intrinsic manner compared with wild-type animals. Rather
than increasing plasticity of differentiated effector CD8* T cells,
loss of DNMT3a biases differentiation of early effector cells into
memory precursor cells. This is attributed in part to ineffective re-
pression of Tcf1 expression in knockout T cells, as DNMT3a localizes
to the Tcf7 promoter and catalyzes its de novo methylation in early
effector WT CD8" T cells. These data identify DNMT3a as a crucial
regulator of CD8" early effector cell differentiation and effector
versus memory fate decisions.

T cells | DNA methylation | cell differentiation | memory | gene regulation

During normal CD8" T-cell adaptive immune responses, an
antigen-specific T-cell clone undergoes massive prolifera-
tion and clonal expansion, generating a heterogeneous pop-
ulation of daughter cells (1). Shortly after activation, CD8" T
cells down-regulate CD62L and CD127 and have been termed early
effector cells. These further divide and differentiate into CD127~
killer cell lectin-like receptor G1 (KLRG1)" terminal effector and
CD127*KLRG1™ memory precursor cells (2-4). Several factors have
been identified that influence the differentiation and polarization of
early effector cells toward either terminal effector cells or memory
precursor cells. The initial CD8* T-cell clonal frequency (5, 6), in-
flammatory signals driving transcription factor expression (2, 7), cy-
tokine stimulation (8, 9), and transcription factor expression levels (10,
11) all impact the fate of early effector CD8" T cells. As these T cells
are genetically identical, cellular processes of epigenetic regulation
would also be predicted to play a key role in determining and
perpetuating the fate decisions of individual CD8" T cells.

Epigenetic gene regulation encompasses the heritable covalent
DNA and histone posttranslational modifications made in individ-
ual cells at specific gene loci that function to regulate the accessi-
bility of these genes within chromatin to transcriptional activation
(recently reviewed in ref. 12). Epigenetic regulation within T cells
has been studied in detail for individual genes (13, 14) and more
recently on the whole genome scale (15-17). These studies have
identified patterns of histone marks and DNA methylation that
differ across the genome between naive, activated, and memory T
cells and correlate with patterns of gene expression.

DNA methylation on the cytosine of CpG dinucleotides in gene
promoter regions is associated with silencing gene expression.
Of the DNA methyltransferases, only DNA methyltransferase 3a
(DNMT3a) and 3b (DNMT?3b) are capable of adding de novo CpG
methylation marks and thus may dynamically regulate gene silenc-
ing. We and others have previously shown that DNMT3a is the
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dominant DNA methyltransferase active in T cells (18, 19). In
CD4* T cells, DNMT3a plays a key role in lineage stability and
restricting plasticity. DNMT3a mediates CpG DNA methylation
and silencing of the Ifng promoter during Th2 differentiation
(20) and the 1113 promoter in an asthma model (19). In both of
these models, DNMT3a functions in CD4* T cells to control the
stability, but not the acquisition, of the differentiated state.
Here we report a critical role for DNMT3a in effector CD8*
T-cell fate. Using T-cell-specific DNMT3a knockout (KO) models,
we found that DNMT3a was critical for restraining the number of
memory precursor effector cells and limiting long-term T-cell
memory. Interestingly, the effect of DNMT3a on memory pre-
cursor cells was observed at the early effector stage generated
within a few days of T-cell activation and was not due to altered
plasticity of more differentiated CD8" T-cell subsets. Mechanisti-
cally, DNMT3a expression is necessary for methylation of the T cell
specific transcription factor 7 (T¢f7) gene promoter in early effector
cells to restrict the frequency of Tcf1™ memory precursor cells.

Results

DNMT3a Is Required for Normal CD127*KLRG1~ Memory Precursor
Cell and CD127"KLRG1* Terminal Effector Cell Differentiation Following
Viral Infection. To assess the role of DNMT3a in CD8* T cells, we
used T-cell conditional DNMT3a KO mice generated as described
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below, referred to as DNMT3a KO mice and DNMT3a KO T cells
throughout the rest of this report. DNMT3a is deleted at or slightly
before the double positive stage or very late at the double positive
stage of T-cell thymic development in CD4-Cre (21) and distal Lck
(dLck)-Cre mice (22), respectively. Thus, in both models, peripheral
T cells lack DNMT3a in both CD4" and CD8" T cells. As described
previously, 6- to 8-wk-old T-cell conditional DNMT3a KO mice have
normal numbers of thymocytes and normal numbers of peripheral
CD4* and CDS8" single positive T cells (18).

Three different acute viral infection models: recombinant vac-
cinia virus expressing ovalbumin (VacOva) (23), influenza (PR8
strain), and lymphocytic choriomeningitis virus (LCMV Arm-
strong strain), were used to assess the CD8* T-cell virus-specific
responses in WT and DNMT3a KO mice. Mice were infected with
virus and immunodominant CD8" T-cell responses were assessed by
MHC 1 viral epitope-tetramer staining: H-2K —restricted Ovaosyogs,
H-2D—restricted influenza nucleoproteinses 374, and H-2D"-
restricted LCMV gps33_4;. At the peak of the CD8* T-cell response
to each type of infection (VacOva = day 7, influenza and LCMV =
day 10), no significant differences in the absolute numbers of
CD8*-tetramer™ cells were noted between WT and DNMT3a KO
mice (Fig. 14 and Fig. S14).

Strikingly, at the peak of the antiviral responses, we observed
significant differences in the phenotype of the antigen-specific ef-
fector cells with significantly fewer KLRG1* terminal effector cells
(Fig. 1B) and increased CD127*KLRG1~ memory precursor cells
(Fig. 1C) in the absence of DNMT3a. Independent of the type of
viral infection, the mice all showed the same pattern of differen-
tiation: an increased frequency of CD127*KLRG1~ cells and a
decreased frequency of CD127 " KLRG1™" cells in DNMT3a KO
mice compared with WT. The increased proportion of CD127*
KLRGI1™ memory precursor cells persisted during the contrac-
tion phase following LCMV infection (Fig. S14) and was inde-
pendent of the tissue analyzed (Fig. S1B). Importantly, the
increased CD127*KLRG1 ™~ population in DNMT3a KO mice was
not explained by enhanced proliferation (as assessed by K;-67 stain
and BrdU incorporation) (Fig. S24) nor by differences in expres-
sion of pro- or antiapoptotic proteins (BIM and BCL-2) (Fig. S2B).
Also, the increase in the memory precursor population could not be
explained by a higher initial T-cell precursor frequency in DNMT3a
KO mice as assessed by tetramer-enrichment analysis (Fig. S2C).

Differentiation Effects Following Loss of DNMT3a Expression Are
Intrinsic to CD8" T Cells. To determine whether the effects of
DNMT3a are intrinsic to CD8* T cells, we performed adoptive
transfer experiments using T-cell receptor transgenic (TCR-Tg)
mice. OT1 (TCR specific for Ova,s;_6,) DNMT3a KO CD8*
T cells were compared with Cre-negative littermate control WT
OT1 T cells following adoptive transfer into congenic WT mice.
We adoptively transferred 500 DNMT3a KO or WT OT1 T cells
to simulate the frequency of the endogenous T-cell repertoire (6)
and to avoid the nonphysiologic effects on effector differentiation
observed using transfer of large numbers of TCR-Tg T cells (5).
Following VacOva infection, there was no difference in absolute
number of DNMT3a KO OT1 T cells compared with WT OT1
T cells during early expansion (day 4), at the peak of T-cell ex-
pansion (day 8), and during the contraction phase (day 20) (Fig.
1D). However, a significantly greater proportion of the KO OT1
T cells were CD127*KLRG1~ memory precursor cells and sig-
nificantly fewer were CD127 " KLRG1™" terminal effector cells at
Day 8 and Day 20 (Fig. 1E). Conversely, when WT P14 TCR-Tg
cells (specific to LCMV gps3 41) were transferred into a WT or
DNTM3a KO host, the P14 effector/memory precursor balance
developed normally (Fig. 1F). Meanwhile, the endogenous host
CD8" gps;_4r-specific T cells in recipient DNMT3a KO mice
showed the consistent increase in the CD127"KLRG1~ memory
precursor cells and decrease in the CD127"KLRGI1* terminal
effector cell population seen in the absence of WT P14 adoptive
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Fig. 1. DNMT3a is required for normal CD127*KLRG1~ memory precursor cell
versus CD127 KLRG1" terminal effector cell differentiation. (4) Absolute
number of tetramer*CD8* splenocytes in DNMT3a KO mice and WT littermates
after VacOva (day 7), influenza (day 10), or LCMV (day 10) infections. Bar graph
(mean + SEM) compares WT (n = 4) and DNMT3a KO (n = 4) mice. (B) Sple-
nocytes from A were stained for KLRG1. Bar graphs (mean + SEM) depict the
percent of tetramer*CD8* that are KLRG1™. (C) Bar graphs (mean + SEM) depict
populations defined by CD127 and KLRG1 surface staining gated on CD8"
Ovaysy_sss-tetramer® cells 7 d after VacOva infection (Left) or gpsz 41-tetramer*
CD8* T cells day 10 post-LCMV infection (Right) from WT (n = 4) and DNMT3a
KO (n = 4) mice. (D) Absolute numbers of splenic OT1 DNMT3a WT or KO T cells
recovered postinfection. Data points depict mean + SD. WT (n = 4) and
DNMT3a KO (n = 4) OT1 for each time point. (E) Percent of CD127 KLRG1*
terminal effector cells (Left) and the percent of CD127*KLRG1~ memory pre-
cursor cells (Right) gated on WT or DNMT3a KO OT1 T cells after adoptive
transfer and VacOva infection. Bar graphs (mean + SEM) compare WT (n = 4)
and DNMT3a KO (n = 4) mice for each time point. (F) Adoptive transfer of WT
P14 CD8* T cells into WT or DNMT3a KO congenic hosts followed by LCMV
infection. Host gpss_41-specific CD8* T cells and P14 transferred cells were phe-
notyped 10 d after infection. Bar graphs (mean + SEM) compare WT gps3 41-
specific host, DNMT3a KO gps3 4¢-specific host, WT P14 CD8* T cells in WT host,
and WT P14 CD8* T cells in DNMT3a KO host (n = 3 mice per group). All ex-
periments in A-F were performed at least three times with similar results. For all
panels, n.s. P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.0005, ****P < 0.0001 (un-
paired two-tailed Student’s t test).

transfer (Fig. 1F). Taken together, these data provide strong evi-
dence for a cell intrinsic effect of DNMT3a on effector/memory
precursor development.

DNMT3a KO Mice Clear Acute Infections and Have Evidence of
Improved CD8* T-Cell Memory. As effector CD8" T-cell differen-
tiation can be influenced by antigen load and inflammation, we

Ladle et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1524490113/-/DCSupplemental/pnas.201524490SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1524490113/-/DCSupplemental/pnas.201524490SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1524490113/-/DCSupplemental/pnas.201524490SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1524490113/-/DCSupplemental/pnas.201524490SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1524490113/-/DCSupplemental/pnas.201524490SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1524490113/-/DCSupplemental/pnas.201524490SI.pdf?targetid=nameddest=SF2
www.pnas.org/cgi/doi/10.1073/pnas.1524490113

o
&
S
&
©
&
=
8
3
5
©
fig
<
5
@
o
3
E)
>
2
b
o
k-t
3
S
€
H
3
o

determined whether DNMT3a deficiency affected CD8* T-cell ef-
fector function and viral clearance. T-cell Iytic function, measured by
in vivo cytotoxic T lymphocyte (CTL) assay 7 d after VacOva in-
fection, demonstrated no difference in specific target lysis between
WT and DNMT3a KO mice (Fig. S34). Additionally, intranasal
influenza infection with a dose sublethal to WT mice resulted in no
differences in weight loss between WT and DNMT3a KO mice (Fig.
S3B) and elicited similar influenza NP364 374 peptide-specific cyto-
kine production from CD8* T cells isolated from spleen and lungs
(Fig. S3C). Thus, loss of DNMT3a expression in T cells does not
significantly impair acute functional responses to viral infection.

We next determined if the increase of CD127"KLRG1~ memory
precursor cells during the acute infection resulted in increased T-cell
memory responses. LCMV-infected WT and DNMT3a KO mice
were assessed for their CD8" T-cell memory response 60 d after
infection. Indeed, DNMT3a KO mice had increased numbers of
gp3341-specific CD8" T cells compared with WT mice as assessed by
tetramer staining (Fig. 24) and cytokine secretion (Fig. 2B). We also
compared endogenous spontaneous arising memory cells from aged
WT and KO mice that had not been subject to experimental in-
fection. Splenocytes from DNMT3a KO mice greater than 6 mo old
had a significantly greater proportion of CD8" T cells with a central
memory phenotype compared with age-matched WT mice (Fig. 2C).
Together, these data show that DNMT3a-deficient T cells expand
normally, acquire effector function normally, but have a significant
enhancement of cells with a prememory phenotype at the expense of
those having a terminal effector phenotype.

DNMT3a Controls the CD127"KLRG1~ Early Effector Cell Transition to
CD127*KLRG1~ Memory Precursor Cells or CD127"KLRG1" Terminal
Effector Cells. The primary factor regulating DNMT3a expression
in CD8" T cells is TCR stimulation (18). CD8" T cells have very
low DNMT3a expression in naive cells with up-regulation upon
stimulation that peaks during early activation (Fig. S4). Based on
this expression pattern, we hypothesized that the predisposition
toward becoming a CD127*KLRG1~ memory precursor cell
could be manifest early following activation in DNMT3a KO
mice. Upon activation, naive CD8™ cells proceed from a CD127*
state to become early effector cells that are CD127". Using OT1
adoptive transfer, day 4 early effector CD8* T cells from both
WT and DNMT3a KO T cells equally down-regulate CD127 and
up-regulate CD44 (Fig. 34). Thus, no difference in the transition
from naive to early effector CD8" T cells was noted between WT
and DNMT3a KO T cells.
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Fig. 2. DNMT3a KO mice have evidence of improved CD8* T-cell memory. (A)
Absolute number of gpss 4¢-tetramer*CD8* T cells in the spleen of WT or
DNMT3a KO littermate mice 60 d post-LCMV infection. Bar graphs (mean +
SEM) compare WT (n = 4) and DNMT3a KO (n = 4) mice. (B) IFN-y production
after ex vivo gpssz41 peptide stimulation from splenocytes from day 60 LCMV-
infected mice. Bar graphs (mean + SEM) compare WT (n = 4) and DNMT3a KO
(n = 4) mice. (C) Splenocytes from 6-mo-old littermate WT or DNMT3a KO
mice were stained for markers of central memory T cells. Representative plots
of CD62L versus CD44 are gated on CD8" T cells. Bar graph (mean + SEM)
compares WT (n = 9) and DNMT3a KO (n = 13) mice. All experiments in A-C
were performed three times with similar results. For all panels, *P < 0.05, **P <
0.01, ****P < 0.0001 (unpaired two-tailed Student’s t test).
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Fig. 3. DNMT3a controls the CD127"KLRG1~ early effector cell transition to
CD127*KLRG1~ memory precursor or CD127"KLRG1* terminal effector cell.
(A) Representative flow plots of CD127 and KLRG1 staining and CD44
staining gated on WT OT1 or DNMT3a KO OT1 CD8" T cells 4 d following
adoptive transfer and VacOva infection. Mean fluorescence intensity (MFI)
of CD127 expression and CD44 expression is noted on the respective plots.
Plots are representative of four mice per group. (B) Phenotype of WT or
DNMT3a KO gpss_4¢-specific CD127 KLRG1* terminal effector cells 7 d after
adoptive transfer into congenic hosts. Bar graphs (mean + SEM) compare
WT (n = 4) and DNMT3a KO (n = 3). (C) Phenotype of WT or DNMT3a KO
gps3-41-specific CD127"KLRG1™ early effector cells 4 d after adoptive transfer
into synchronously infected WT hosts. Bar graphs (mean + SEM) compare WT
(n =4) and DNMT3a KO (n = 4). All experiments in A-C were performed three
times with similar results. n.s. P > 0.05, ***P < 0.0005, ****P < 0.0001 (un-
paired two-tailed Student’s t test).

Importantly, and in contrast to the role of DNMT3a in stabilizing
the phenotype and limiting the plasticity of CD4* Th2 cells (20),
DNMT3a KO CD127 KLRG1" terminal effector cells did not
show increased plasticity. Sorted gpss 41-specific CD127 KLRG1*
terminal effector cells from WT and DNMT3a KO mice 7 d post-
LCMV infection were adoptively transferred into timed-infected
recipient animals. There was no difference in the phenotype of WT
versus DNMT3a KO donor cells in recipient animals 1 wk after
transfer (Fig. 3B). Thus, DNMT3a is not required to maintain the
terminal effector phenotype of emerging CD8* T cells.

Next, we reasoned that DNMT3a may exert its critical role in
CD127 KLRGI1™ early effector cells as they differentiate into either
CD127*KLRG1~ memory precursor cells or CD127 " KLRG1*
terminal effector cells (2, 3). To test this possibility, we sorted gps3_41-
specific CD127"KLRG1™ early effector cells from day 6 LCMV-
infected WT or DNMT3a KO donor mice, adoptively transferred
them into synchronously infected host WT mice, and assessed their
differentiation in vivo 4 d later. The proportion of CD127"KLRG1~
memory precursor cells increased significantly with a commensurate
decrease in the CD127"KLRG1" terminal effector cell pop-
ulation comparing DNMT3a KO T cells to WT T cells (Fig.
3C). These experiments demonstrate a critical function of
DNMT3a in regulating the transition from CD127"KLRG1™ early
effector cells to CD127"KLRG1~ memory precursor cells or
CD127 KLRG1" terminal effector cells.

Many transcription factors have functions in the generation of
memory precursor or terminal effector CD8* T cells, including
1d2, Id3, Tcf1, Tbet, Eomes, Blimp1, Zeb2, Bcl6, Irf4, Batf, Gfil,
and Foxol (24-26). We sorted CD127"KLRGI1™ early effector
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cells from VacOva- and LCMV-infected WT and DNMT3a KO
mice and assessed expression of these transcription factors using
nanoString, quantitative PCR (qPCR), and/or flow cytometry. A
small 1.6-fold increase in Eomes protein expression was noted by
flow cytometry in WT T cells (Fig. S5C), but this was not related
to differences in Eomes transcription between WT and DNMT3a
KO T cells. We observed no other significant differences in ex-
pression among the T-cell transcription factors we examined
(Fig. S5). As IL-2 signaling can impact CD127 KLRGI1" ter-
minal effector cell differentiation (10, 27), we also measured
12ra transcript expression and saw no difference between WT and
DNMT3a KO T cells (Fig. S5B). A broader analysis of 547 im-
mune-related genes using nanoString technology resulted in
18 genes with significantly different expression; however, 17 of
these were less than 2-fold different. Only CD79b had 2.47-fold
higher expression in DNMT3a KO T cells (Dataset S1). These
findings indicate DNMT3a expression is dispensable for early
signaling-related changes in transcription following T-cell ac-
tivation. It also suggests a model where DNA methylation
mediated by DNMT3a and generated as a result of early sig-
naling influences later time points in the differentiation of ef-
fector and memory CD8" T cells.

Seeking insight into the genes potentially regulated by DNMT3a-
mediated DNA methylation, we performed a whole genome
methylation analysis using methyl-CpG binding domain sequencing
(MBD-seq). This uses recombinant MBD protein to selectively
enrich for genomic DNA fragments containing methylcytosine and
identifies them using high throughput sequencing (28). Methylation
analysis was performed on four sorted populations of CD8* OT1
T cells: naive CD62L"CD44~ OT1 cells from WT and DNMT3a
KO mice and activated WT and DNMT3a KO OT1 cells isolated
8 d after adoptive transfer and VacOva infection. We identified
between 86,988 and 95,051 regions of genomic DNA methylation in
each sample; however, the vast majority of these were common to
all samples. We filtered the list to include methylation sites present
only in WT day 8 T cells but not in WT naive, DNMT3a KO naive,
or DNMT3a KO day 8 T cells, thus, leaving only activation-induced,
DNMT3a-dependent de novo methylation sites. This filtering yielded
8,600 regions (Dataset S2), including 1,134 regions in gene pro-
moters (defined as within 5 kb upstream or 2 kb downstream of
transcription start sites) (Dataset S3). We examined the intersection
of this subset with a list of genes whose expression is acutely down-
regulated with T-cell activation (4); a short list of 19 genes with
expression potentially inhibited by gene promoter DNA methylation
was identified. Notably this list includes the critical T-cell memory
gene Tcf7 (Dataset S4).

DNMT3a Establishes a CpG DNA Methylation “Signature” of Terminal
Effector Cells During the Early Effector Cell Stage in the Tcf7 Promoter.
As shown above, the initial transcriptional regulation of key
regulators of CD127"KLRG1™ early effector cell differentiation
is not dependent on DNMT3a. However, we hypothesized that
DNMT3a-mediated methylation of some genes suppressed during
early activation may be critical to prevent their reexpression, which
could shape the cell’s capacity to acquire a terminal effector phe-
notype. Tcf7, which encodes the Tcf1 protein, has high expression in
naive CD8" T cells and drops quickly following activation, resulting
in low Tcfl expression in CD127"KLRG1" terminal effector cells
(29, 30). Memory T cells regain high expression of Tcf1, similar to
naive T cells (11). Furthermore, T cells lacking all Tcfl expression
are impaired in memory T-cell differentiation (11, 31, 32). Based on
our MBD-seq results (Fig. 44), we hypothesized that the Tcf7 gene
is one of the targets of selective de novo DNA methylation in early
effector T cells. Defective Tcf7 silencing in DNMT3a KO CD8"
T cells could generate more CD127*KLRG1™ memory precursor
cells with fewer CD127 KLRG1* terminal effector cells.
Consistent with defective Tcf7 silencing, experiments showed
increased Tcf7 transcript in sorted Ovays;_pgq-tetramer® T cells
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from DNMT3a KO mice 8 d after VacOva infection compared
with those from WT mice (Fig. 4B). Next, we demonstrated
DNMT3a localization to the Tcf7 promoter by ChIP following
T-cell activation. DNMT3a was not bound to the 7¢f7 promoter
region in naive WT or DNMT3a KO T cells but binding was seen
in activated WT but not in activated DNMT3a KO CD8* T cells
(Fig. 4C). No enrichment of DNMT3a was observed at the highly
expressed Gapdh gene promoter. To determine if DNMT3a is
functional at the Tcf7 promoter in the activated WT CD8*
T cells, we compared CpG methylation in the Tcf7 promoter
via bisulfite sequencing from sorted WT and DNMT3a KO T-cell
populations: CD62L"CD44™ naive, CD62L*CD44* central mem-
ory (both of which have high Tcf1 expression), CD127 " KLRG1~
early effector cells (mix of high and low Tcfl expression), and
CD127"KLRG1™ terminal effector cells (low Tcf1 expression)
isolated 6 d post-VacOva infection. Very few CD127*KLRG1~
memory precursor cells are present at this time following infection.
Minimal CpG DNA methylation was observed in both naive and
central memory CD8" T cells from WT or DNMT3a KO mice,
correlating with high Tcfl expression in these populations. In contrast,
WT CD127 KLRG1" early effector cells and WT CD127"KLRG1*
terminal effector cells showed significantly increased Tcf7
promoter CpG methylation compared with naive T cells or
DNMT3a KO T cells (Fig. 4D). The increased Tcf7 promoter
methylation inversely correlates with Tcf1 protein expression in
CD8" T cells. Notably, after OT1 transfer and VacOva in-
fection, DNMT3a KO CD8* T cells have a smaller proportion
of cells that are Tcfl'’KLRG1* compared with WT (Fig. 4E).
In addition, knockdown of Tcf7 expression using lentivirus ex-
pressing ShRNA (Fig. S6) in activated DNMT3a KO OT1 T cells
or in DNMT3a KO P14 T cells partially reverted their phenotype,
resulting in an increased percentage of CD127 KLRG1* terminal
effector cells following adoptive transfer and either VacOva or
LCMV infection, respectively (Fig. 4F). These data provide strong
evidence that DNMT3a mediates a de novo methylation signature
in a key memory-associated gene during the CD127"KLRG1™
early effector cell stage, and that such a signature persists in ter-
minal effector cells but is not present in memory T cells.

Discussion

We have sought to determine the role DNMT3a-mediated de novo
methylation plays in CD8* T cells following activation and during
differentiation. Our findings support a model where DNMT3a
expression peaks early following CD8* T-cell activation and es-
tablishes de novo CpG methylation in gene regulatory regions that
influence cell fate decisions. Whereas this de novo methylation
does not appear to control early changes in expression of key
transcription factors, it does contribute to later transcription factor
expression patterns that influence the proportion of CD8" T cells
destined to become CD127*KLRG1~ memory precursor cells or
CD127"KLRG1™ terminal effector cells. This process is illustrated
by the DNMT3a-mediated de novo methylation of the Tcf7 pro-
moter during the early effector cell stage. DNMT3a establishes
a methylation signature found in terminal effector cells which
maintain low Tcfl expression and is not found in memory T cells
that reexpress Tcfl at high levels. The resulting phenotype is
consistent across three different models of viral infection and in
experiments performed independently in two different laboratories.

In contrast to the role of DNMT3a reported for CD4" T cells
(19, 20), we did not find evidence of increased plasticity or in-
stability of cell phenotype in differentiated CD8" T cells. We and
others have shown that DNMT3a is required to stably silence
expression of cytokines with polarized expression such as IFN-y
in CD4* Th2 cells and IL-13 in Th1 cells (19, 20). Whereas not
specifically attributed to DNMT3a, differential methylation patterns
are also observed between CD4* naive and CD4*Th17 T cells at the
1117a locus (33). These features in CD4* T cells suggest DNMT3a’s
role is to maintain polarization/differentiation established via other
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Fig. 4. DNMT3a establishes a CoG DNA methylation signature of terminal effector cells during the early effector cell stage in the Tcf7 promoter. (A) Tracks
depicting MBD-seq reads from indicated samples are plotted at the Tcf7 promoter in the University of California Santa Cruz genome browser. A region of differential
methylation is indicated below the Tcf7 promoter as a horizontal bar. (B) Relative gPCR expression of Tcf7 transcripts from sorted Ovass;_ze4-specific CD8* T cells post
VacOva infection. Bar graphs (mean + SEM) show the relative expression (normalized to 18s RNA expression) from individual mice (n = 4 per group). This experiment
was performed three times with similar results. (C) ChIP of DNMT3a from WT or DNMT3a KO CD8" T cells that were freshly isolated naive cells or activated 72 h
in vitro. Bar graphs (mean + SD) compare WT and DNMT3a KO, naive and 72-h stimulated samples (n = 3 replicates per qPCR) and depict fold-enrichment compared
with control IP for indicated gene targets. The experiment was performed three times with similar results. (D) Tcf7 promoter methylation determined by bisulfite
sequencing in sorted polyclonal naive and central memory CD8" T cells and day 6 post-VacOva CD127 KLRG1~ and CD127 KLRG1* CD8* WT or DNMT3a KO OT1
T cells. Bar graphs depict fraction of alleles with indicated frequency of methylated CpG sites of the 18 possible per clone. Number of unique alleles sequenced per
sample was between 15 and 33. Distributions were compared by Mann-Whitney test. ***P < 0.0005, ****P < 0.0001. The experiment was performed two times with
similar results. (E) Representative plots of KLRG1 surface and Tcf1 intracellular staining of adoptively transferred WT or DNMT3a KO OT1 CD8* T cells 10 d post-VacOva
infection. Numbers indicate percentage in each quadrant. (Right) Bar graphs (mean + SEM) compare WT (n = 4) and DNMT3a KO (n = 4). The experiment was
performed three times with similar results. (F) Normalized frequency of CD127 KLRG1" DNMT3a KO OT1 T cells (%CD 127 KLRG1*/mean of control % CD127 KLRG1*
from an individual experiment) transduced with the indicated lentivirus constructs 7 d after adoptive transfer into recipients infected with VacOva. Normalized
frequencies from individual mice, mean, and SD are shown; control (n = 15) and Tcf7 shRNA (n = 13) are pooled from three independent experiments (Left). Frequency
of CD127"KLRG1" WT or DNMT3a KO P14 T cells transduced with the indicated lentivirus constructs 7 d after adoptive transfer into recipients infected with LCMV
(Right). *P < 0.05, **P < 0.01 (unpaired two-tailed Student's t test).

epigenetic mechanisms, e.g., histone modifications. In the experi-
ments we report here with CD8" T cells, DNMT3a expression is
required to develop normal proportions of effector and memory
precursor phenotypes. However, when DNMT3a KO T cells dif-
ferentiate into terminal effector cells, their fate appears to be “locked
in” based on our adoptive transfer experiments. Interestingly, the
DNMT3a-mediated effects localize to the early effector cell stage
when CD8" T cells remain susceptible to alteration of their potential
fates depending on their current inflammatory milieu (2).

Whereas our data provide important insights into the role
DNMT3a plays in the CD8" T-cell differentiation process, other
epigenetic regulatory mechanisms appear to function normally in
the DNMT3a KO T cells. The paucity of gene expression differ-
ences between WT and DNMT3a KO early effector cells supports
this, as does the ability of DNMT3a KO T cells to generate some
(although fewer) CD127 KLRG1" terminal effector cells. Our
observations are consistent with a mechanism described in other cell
types in which histone modifications are established first, followed
by DNA methylation (34). How the processes of DNA methylation
and repressive histone modifications are linked in T cells remains a
subject of active investigation.

We detail an epigenetic signature established by DNTM3a in
the Tcf7 promoter. Scharer et al. reported global methylation
patterns observed in CD8" T cells comparing naive and day 8 ef-
fector T cells (17). Our data provide strong evidence that DNMT3a
mediates these de novo methylation changes in T cells. Their
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extensive analysis indicates multiple genes that are modified by
methylation following activation, one of which was Tcf7. We fo-
cused our analysis by restricting target genes to those undergoing
de novo promoter DNA methylation following activation, however
we expect that many other gene targets are regulated by de novo
DNA methylation in nonpromoter regions such as intragenic en-
hancers. Analysis of such targets is ongoing.

Finally, little is known in T cells about what targets DNMT3a
to regions of DNA that become de novo methylated. As key
genes such as Tcf7 appear to be regulated in part by DNA CpG
methylation, we hypothesize that transcriptional repressors may
complex with DNMT?3a directly or indirectly to target its activity
to specific genes. One possible binding partner is G9a (Ehmt2),
which catalyzes the repressive H3K9me2 histone mark and has
been shown to complex with DNMT3a in stem cells and direct
DNA de novo methylation (34). G9a has also been shown to
complex with transcriptional repressors in T cells—specifically
Blimp1 (35) and Gfil (36) along with other epigenetic-modifying
enzymes such as HDACI. As described by Scharer et al. (17),
particular transcription factor motifs are also more frequently
found in methylated regions of DNA in CD8" T cells. It remains
to be shown if any such transcription factors directly form
complexes with DNMT3a and the DNA methylation machinery
following T-cell activation, as has been suggested by in vitro studies
of recombinant DNMT3a (37).
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In summary, our work provides important first insights into the
role of DNMT3a in mediating key differentiation pathways in CD8*
T cells following activation. Specifically, DNA methylation events
occur during the early effector cell stage and influence the forma-
tion of daughter memory precursor or terminal effector cells. This
effect on CD8" T-cell differentiation contrasts with its reported role
in CD4* T cells where loss of DNMT3a expression results in more
plasticity in polarized populations. An important area of inquiry for
the future is to identify mechanisms that target DNMT3a to par-
ticular genomic locations in response to T-cell activation.

Materials and Methods

Mice. All mouse experiments were performed according to protocols ap-
proved by the Institutional Animal Care and Use Committees of Johns
Hopkins University (Baltimore) and Cincinnati Children’s Hospital Research
Foundation (Cincinnati, OH). Detailed mouse strain information is provided
in SI Materials and Methods.

Flow Cytometry. Cell processing techniques and a complete list of antibodies
used for staining is provided in S/ Materials and Methods.

Gene Expression Analysis. Specified T-cell populations from individual mice
were directly sorted into RLT lysis buffer (Qiagen) for subsequent RNA pu-
rification. Purified RNA was converted to ¢DNA and analyzed using qPCR
with specified Tagman primer/probe sets (Applied Biosystems). Additional
experimental details are provided in S/ Materials and Methods.
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ChIP Analysis. DNMT3a ChIP was performed as previously described (20).
Primer sequences are provided in S/ Materials and Methods.

DNA Methylation Analysis. Samples used for MBD-seq were processed as
previously described (38) with additional experimental details in S/ Materials
and Methods. For bisulfite sequencing, DNA was bisulfite treated using the
EpiTect bisulfite kit (Qiagen). Bisulfite-specific primer sequences are pro-
vided in S/ Materials and Methods. The PCR product was purified and cloned
using TOPO TA cloning vector kit (Life Technologies). Sequences of 30-40
individual clones per sample were compared with published genomic se-
quence using BiQAnalyzer (39). Only unique clones were retained for
final analysis.

Statistical Analysis. Data were analyzed using GraphPad Prism software.
Student’s t test was used to compare WT and DNMT3a populations. The
Mann-Whitney test was used to compare CpG methylation data.
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