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regulates naive CD8+ T cell
activation-induced survival
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Lysine specific methyltransferase 2D (Kmt2d) catalyzes the mono-methylation of

histone 3 lysine 4 (H3K4me1) and plays a critical role in regulatory T cell generation

via modulating Foxp3 gene expression. Here we report a role of Kmt2d in naïve

CD8+ T cell generation and survival. In the absence of Kmt2d, the number of CD8+

T cells, particularly naïve CD8+ T cells (CD62Lhi/CD44lo), in spleen was greatly

decreased and in vitro activation-related death significantly increased from

Kmt2dfl/flCD4cre+ (KO) compared to Kmt2dfl/flCD4cre- (WT) mice. Furthermore,

analyses by ChIPseq, RNAseq, and scRNAseq showed reduced H3K4me1 levels in

enhancers and reduced expression of apoptosis-related genes in activated naïve

CD8+ T cells in the absence of Kmt2d. Finally, we confirmed the activation-

induced death of antigen-specific naïve CD8+ T cells in vivo in Kmt2d KO mice

upon challenge with Listeria monocytogenes infection. These findings reveal that

Kmt2d regulates activation-induced naïve CD8+ T cell survival via modulating

H3K4me1 levels in enhancer regions of apoptosis and immune function-

related genes.
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Introduction

Histone methylation plays an essential role in establishing cell-type specific gene

expression and T cell differentiation (1–3). Studies of various types of histone methylation,

including H3K4me3, H3K9me3 and H3K27me3, revealed diverse and contrasting roles in

chromatin structure and in transcriptional regulation of T cells (4–6). Histone 3 lysine 4

mono-methylation (H3K4me1) is present in enhancer regions (7, 8) and is regulated by the
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SET-domain containing histone methyltransferases, Kmt2c and

Kmt2d (9, 10), and histone demethylases (11, 12). H3K4me1

displays distinct patterns between regulatory T cells (Treg) and

conventional T cells (Tconv) (13) and T cell specific knockout of

Kmt2d results in compromised development of regulatory T cells via

dysregulation of Foxp3 gene expression (14). The role of Kmt2d in

CD8+ T cells has not been examined.

CD8+ T cells are key components of adaptive immunity to control

both external pathogens and internal cancerous cells (15, 16). Upon

engagement of antigen peptide presented by the class I MHC on the

antigen-presenting cells, naïve CD8+ T cells undergo extensive cell

divisions and differentiate to become effector and memory T cells (17,

18). After peak clonal expansion and subsequent pathogen clearance,

antigen-specific effector CD8+ T cells undergo extensive contraction

(19) via apoptosis (20–22). Apoptosis is induced through the intrinsic

and the extrinsic pathways (23). The intrinsic pathway includes

permeabilizing mitochondria and releasing cytochrome c into

cytoplasm through caspase 9 whereas the extrinsic pathway is

activated by the binding of death ligands to death receptors such as

FasL to Fas, and results in the formation of the apoptotic signaling

complex activating caspase 8 (20, 21, 24). T cell survival and death

during an immune response are regulated by both intrinsic

(expression of co-stimulatory and inhibitory receptors, telomere

length) and external (nature of antigens, ligands for co-stimulatory

and inhibitory receptors) factors in a highly controlled manner (3, 25,

26). Despite tremendous progress in understanding the core pathways

and components, transcriptional control of activation and death

regulators via chromatin structure has just begun to be understood.

Recent studies of histone methyltransferases reveal their roles in

regulation of cell survival, death, and diseases (27, 28). Loss of Setdb1,

one of the major histone methyltransferases, results in histone 3 lysine

9 trimethylation (H3K9me3), results in impaired CD8+ T cell

development in thymus (29). This impairment is partially due to

the aberrant expression of FcgRIIB and increase apoptosis in single

CD4+ or single CD8+ thymocytes (29). Ezh2 is a key histone

methyltransferase that catalyzes histone 3 lysine 27 trimethylation

(H3K27me3). Loss of Ezh2 leads to prolonged cell divisions and

increases apoptosis in CD8+ T cells (30). Ezh2 regulates the repression

of the key cell cycle regulators, Cdkn2a and Cdkn1c. Activation of

CD8 T cells in the absence of Ezh2 leads to impairment of cell division

and increased apoptosis (30). Kmt2d is a histone methyltransferase

that modulates active chromatin methylations (31). Furthermore,

knockdown of KMT2D suppressed cell proliferation and induced

apoptosis in a gastric cancer cell line (32). However, it is unknown

whether Kmt2d regulates CD8+ T cell proliferation and survival.

In this study, we investigated the role of Kmt2d in CD8+ T cell

activation and apoptosis using T-cell specific Kmt2d knockout model.

We found that Kmt2d knockout mice had a reduced number of

peripheral naïve CD8+ T cells and a significant increase in apoptosis of

naïve CD8+ T-cells post activation in vitro and in vivo. We showed that

Kmt2d depletion led to reduced H3K4me1 in promoters and enhancers

correlating with reduced mRNA levels of several apoptosis related genes,

providing evidence of Kmt2d in regulation of activation-induced

apoptosis of naïve CD8+ T cells. Finally, ChIPseq revealed that Kmt2d

directly binds to promoters and enhancers of targeted genes. Collectively,

these findings showed Kmt2d plays a critical role in the regulation of

naïve CD8+ T cell generation and activation.
Frontiers in Immunology 02
Results

Reduced circulating naïve CD8+ T cells in
Kmt2d KO mice

To investigate the role of Kmt2d in CD8+ T cell function, we

generated T-cell specific Kmt2d knock out mice (Kmt2dfl/fl-CD4cre+

or KO). Kmt2d-floxedmice (Kmt2dfl/fl) were crossed with CD4-Cremice

(9, 33), resulting in deletion of exon 16-19 of Kmt2d in all T cells

(Supplementary Figure 1A). Kmt2d KO mice had no obvious difference

in body weight and spleen size compared to the Kmt2d WT littermates

but the numbers of splenocytes were significantly reduced

(Supplementary Figure 1B), due to a decrease in both CD4+ and CD8+

T cells (Figures 1A–C). Within CD8+ T cells, naïve CD8+ T cells were

reduced most whereas memory subsets were slightly reduced compared

to the Kmt2dWTmice (Figures 1D–E). The difference in loss of CD8+ T

cell subsets correlated with the mRNA level of Kmt2d expression in these

subsets (Figure 1E). In vitro stimulation (anti-CD3 and anti-CD28

antibody or a-CD3/CD28) reduced Kmt2d expression in WT cells

(Figures 1F, G). Further analysis of thymocytes showed maturation of

CD4-CD8+ thymocytes were significantly impaired (Supplementary

Figure 2). These findings suggest that Kmt2d plays a critical role in the

generation of naïve CD8+ T cells.
Increased cell death of naïve CD8+ T cells
from Kmt2d KO mice in response to in
vitro stimulation

To investigate the function of Kmt2d, we isolated naïve CD8+ T cells

from Kmt2d KO and Kmt2dWTmice and analyzed their response to in

vitro a-CD3/CD28 stimulation. We found a significantly reduced

expansion of CD8+ T cells from Kmt2d KO compared to those from

Kmt2d WT mice during the 5-day stimulation (Figure 2A). We stained

naïve CD8+ T cells with Annexin V, a viability dye, and a tracking dye

eFluor 450 (CPD-450) both prior to and post stimulation to determine

whether the reduced expansion of naïve CD8+ T cells were due to

increased cell death or reduced proliferation/cell division. We found a

significant increase of apoptosis in stimulated naïve CD8+ T cells (day 3-5

after stimulation) from Kmt2d KO compared to Kmt2d WT mice

(Figures 2B, C). But activation induced a similar number of cell

divisions between Kmt2d KO and Kmt2d WT mice (Figures 2D, E).

Intriguingly, cell death of naïve CD8+ T cells from Kmt2d KO mice was

detected at first division but the death of naïve CD8+ T cells from Kmt2d

WT mice was observed only at the 3rd cell divisions (Figures 2D, E).

These results demonstrated that Kmt2d regulates activation-induced

apoptosis but not cell division in naïve CD8+ T cells.
Increased expression and activity of
apoptosis mediators in CD8+ T cells from
Kmt2d KO mice

To determine the mechanisms of increased apoptosis, we analyzed

key cell death related genes (CD95 or Fas and Caspase activity). We

found the expression levels of CD95 protein on the surface of naïve CD8+

T cells were significantly higher between 3 to 5 days after stimulation in
frontiersin.org
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Kmt2d KO than in Kmt2dWTmice (Figures 3A–C).We then measured

caspase 3/7 activity and found a significant increase of activity in

stimulated naïve CD8+ T cells from Kmt2d KO versus Kmt2d WT

mice (Figures 3D–F). Together, increases of CD95 expression and

caspase activity explain increased apoptosis of naïve CD8+ T cells from

Kmt2d KO mice after in vitro stimulation.
Reduced histone H3K4me1 in enhancer
regions and reduced TNF expression in
activated naïve CD8+ T cells of Kmt2d
KO mice

To determine the effects of the absence of Kmt2d on H3K4me1

and gene expression, we performed H3K4me1 ChIPseq, Kmt2d
Frontiers in Immunology 03
ChIP-seq, and RNAseq analyses in in vitro stimulated (anti-CD3/

CD28) naive CD8+ T cells from Kmt2d KO and Kmt2d WT mice. As

H3K4me1 is enriched in enhancers (34), we examined whether there

is a reduction of H3K4me1 in enhancers in the absence of Kmt2d

resulting in reduction of the corresponding gene expression. In the

absence of Kmt2d, the overall levels of H3K4me1 in naïve CD8+ T

cells may be reduced from those of Kmt2d WT mice but the PCR

amplification during ChIP library preparation can diminish such

difference. This may contribute to underestimation of H3K4me1

differences between the two genotypes. To precisely assess the

H3K4me1 level, we spiked-in lysate of human naïve CD8+ T cells

(10% of total) as an internal control during the ChIP step prior to

PCR amplification. As the anti-H3K4me1 antibody recognizes

H3K4me1 from both human and mouse cells, we were able to use

the amount of human ChIP-DNA to normalize the difference of
B
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G

A

FIGURE 1

CD8+ T cell number is reduced in Kmt2d KO mice. (A) Immune cells in spleen (N=6, Kmt2d WT; N=5, Kmt2d KO). (B) Representative flow graphs of
CD4+ and CD8+ T cells in spleen of Kmt2d WT and Kmt2d KO mice. (C) Number of CD8+ T cells in spleen of Kmt2d WT (N=38) and Kmt2d KO mice
(N=27). (D, E) Number of CD8+ T cell subsets: Naïve (TN, CD62L

hi/CD44lo), Central memory (TCM, CD62L
hi/CD44hi), and effector memory (TEM, CD62L

lo/
CD44hi) in spleen of Kmt2d WT (N=38) and Kmt2d KO mice (N=27). (F, G) Relative Kmt2d mRNA level in CD8+ T cell subsets (N=3) and stimulated CD8+

TN cells (N=3 each timepoint). Paired comparison was calculated by Student’s t-test; *p < 0.05, **p < 0.01 and ***p < 0.001.
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FIGURE 3

Increased apoptotic genes expression and caspase activated naïve CD8+ T cells of Kmt2d KO mice. (A) mRNA expression of Cd95 in naïve CD8+ T cells
from Kmt2d WT and KO mice post one day stimulation with aCD3/CD28. (B) Representative histogram of CD95+ naïve CD8+ T cells after aCD3/CD28
stimulation. (C) Average percentage of CD95+ naïve CD8+ T cells after aCD3/CD28 stimulation from Kmt2d WT and KO mice (N=3). (D) mRNA
expression of Casp4 in naïve CD8+ T cells post aCD3/CD28 stimulation. (E) Representative histogram of caspase activity at indicated time points.
DEVDase activity was assessed using DEVD substrate-based assay. (F) Average of the caspase activity positive cells in percentage of total stimulated naïve
CD8+ T cells (N=3). *p < 0.05; **p < 0.01 based on two-way Anova test.
B
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FIGURE 2

Kmt2d KO naïve CD8+ T cells have increased apoptosis upon stimulation driven proliferation. FACS-sorted naïve CD8+ T cells from spleen were labeled
with proliferation tracking marker and stimulated with immobilized anti-CD3 (3 mg/ml) and soluble anti-CD28 (1 mg/ml) antibodies up to five days. Three
batches of independent experiments were performed with pooled naïve CD8+ T cells from 3-6 mice (N=9 for Kmt2d WT, 6 for Kmt2d KO). (A) Cell
number increase during 5 days of culture. Fold increase per seeded cell number was presented. (B) Representative plot of apoptosis analysis. (C) Average
apoptotic cell ratio. (D) Representative display of proliferation tracker (efluor450) dilution and Ghost viability dye. (E) Summary of the dead cells ratio
found on each division defined by efluor450 dilution and Ghost viability dye. ***, p<0.001 based on two-way Anova test.
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total H3K4me1 between Kmt2d WT and Kmt2d KO mice. We

required differences of at least 1.6-fold in our analysis, to both

H3K4me1 counts at the enhancer and the level of the corresponding

gene expression, resulting in 257 altered genes (Figure 4A,

Supplementary Table 1). We also confirmed the gene expression

changes by quantitative RT-PCR of selected genes related to

apoptosis (Supplementary Figure 3). To determine if Kmt2d directly

regulates H3K4me1, we carried out Kmt2d ChIP-seq and found that

Kmt2d was bound to approximately 65% (167 out of 257) of the

enhancers with reduced H3K4me1 levels (Figure 4A). Further,we

applied gene set enrichment analysis and identified several T cell

functions were reduced including T cell activation, proliferation,

migration, and cytokine-mediated signaling pathway in naïve CD8+

T cells from Kmt2d KO mice (Figure 4B). A key cytokine in T cell

activation, tumor necrosis factor (TNF) was reduced at the mRNA

level (RNAseq) and at the H3K4me1 enhancer level (35) in stimulated

CD8+ T cells from Kmt2d KO mice (Figure 4C). Finally, we measured

the protein level of TNF-a by intracellular staining and confirmed that

TNF-a protein was significantly reduced in activated naïve CD8+ T

cells from Kmt2d KO mice compared to those from Kmt2d WT mice
Frontiers in Immunology 05
(Figure 4D). Together, Kmt2d depletion resulted in decrease of

H3K4me1 at enhancers and consequently reduced gene expression

affecting a broad range of T cell functions including TNF-a.
Altered expression of apoptosis-related
genes in resting and stimulated individual
naïve CD8+ T cells of Kmt2d KO mice

Because naïve CD8+ T cells are heterogenous cells, we used

scRNAseq method to compare transcriptome changes in individual

resting and stimulated naïve CD8+ T cells from Kmt2d KO mice.

Analysis of freshly isolated naïve CD8+ T cells showed that Kmt2d KO

and Kmt2d WT mice had a similar overall gene expression pattern

(Cluster 1 in Figure 5A). Further analyses of differential gene

expression (DGE) and GSEA showed that naïve CD8+ T cells from

Kmt2d WT mice had enriched gene functions in cell adhesion and

actin cytoskeleton organization (Figure 5B) whereas naïve CD8+ T

cells from Kmt2d KO mice were enriched in apoptotic mitochondrial

changes (Figure 5C). After in vitro stimulation with anti-CD3 and
B

C

D

A

FIGURE 4

Reduced levels of H3K4me1 in enhancer regions and corresponding gene expression in activated naïve CD8+ T cells of Kmt2d KO mice. (A) Reduced
gene expression associated with reduced H3K4me1 level in enhancer in Kmt2d KO activated naïve CD8+ T cells after stimulation. Naïve CD8+ T cells
from spleen of both Kmt2d WT and Kmt2d KO mice by FACS-sort and stimulated in vitro by aCD3/CD28 antibody for 24 hours. Stimulated cells were
harvested for RNAseq, ChIPseq of H3K4me1 and Kmt2d. Number of reduced expressed genes in Kmt2d KO mice along with H3K4me1 level and with
(N=167) or without (N=90) Kmt2d binding are presented. (B) Selected reduced functions based on gene expression changes in activated naïve CD8+ T
cells between Kmt2d WT and Kmt2d KO mice. Gene set enrichment analysis (GSEA) was used and significantly reduced GO functional groups (q<0.05)
and their core changed genes along with gene set size, normalized enrichment score (NES), and q values are presented. (C) Expression (RNAseq),
H3K4me1 level, and Kmt2d binding on Tnf gene. Gene track and ChIP-seq reads are presented and enhancer is marked. (D) TNF-a expression in
stimulated naïve CD8+ T cells from Kmt2d WT and Kmt2d KO mice. TNF-a expression in stimulated naïve CD8+ T cells were determined by intracellular
staining and flow cytometry. The median fluorescent intensity (MFI) was presented at each indicated time (N=3).
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CD28, stimulated naïve CD8+ T cells displayed an altered

transcriptome (cluster 2 in Figure 5D) and the difference between

Kmt2d KO and Kmt2d WT mice became more obvious both

quantitatively (Cluster 2 accounted for 34% and 64% of cells,

respectively) and qualitatively (Figures 5E, F). Further analyses of

DGE and GSEA showed that stimulated naïve CD8+ T cells (cluster 2)

from Kmt2dWTmice had higher gene expression in mitotic cell cycle

process as well as cytoskeleton organization (Figure 5E) whereas

stimulated naïve CD8+ T cells (cluster 2) from Kmt2d KO had

increased gene expression in apoptosis (Figure 5F). This single cell

transcriptome analysis showed both quantitative differences in

activation of naïve CD8+ T cells and qualitative differences in the

level of gene expression of both freshly isolated and activated naïve

CD8+ T cells between Kmt2d WT and KO mice and suggested that
Frontiers in Immunology 06
Kmt2d regulates expression of genes involved in survival of activated

naïve CD8+ T cells.
Reduced antigen-specific CD8+ T cells in
response to Listeria infection in Kmt2d
KO mice

To determine whether the defects observed in naïve CD8+ T cells

from Kmt2d KO mice in vitro occur in vivo, we applied the Listeria

monocytogenes-OVA (rLM-OVA) infection model (36) in Kmt2d KO

and Kmt2dWTmice. We injected 5x104 CFU of LM-OVA via the tail

vein to each mouse and OVA-specific CD8+ T cells were identified

with the MHC-class-I-SIINFEKL dextramer (Immudex) in blood and
B
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FIGURE 5

Altered expression of apoptosis related genes in single CD8+ T cells of Kmt2d KO mice. (A) UMAP of freshly isolated naive CD8+ T cells from Kmt2d WT
and Kmt2d KO mice. (B) Enriched gene expression and associated GO functional groups analyzed by GSEA in freshly isolated naïve CD8+ T cells from
Kmt2d WT mice. NES refers to normalized enrichment score. padj refers to adjusted p-value (FDR). (C) Enriched gene expression and associated GO
functional groups analyzed by GSEA in freshly isolated naïve CD8+ T cells from Kmt2d KO mice. (D) UMAP of in vitro stimulated (antiCD3/anti-CD28 for 1
day). Percentages indicate of cells in each of two clusters. (E) Enriched gene expression and associated GO functional groups analyzed by GSEA in
stimulated naïve CD8+ T cells from Kmt2d WT mice. (F) Enriched gene expression and associated GO functional groups analyzed by GSEA in stimulated
naïve CD8+ T cells from Kmt2d KO mice.
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spleen. OVA-specific CD8+ T cells were lower than 0.1% prior to

rLM-OVA infection in both Kmt2d KO and Kmt2d WT mice. After

rLM-OVA infection, total and OVA-specific CD8+ T cells were

increased but the number of cells were significantly lower in Kmt2d

KO than in Kmt2d WT mice (Figures 6A, B). Furthermore, we

observed a significant increase of apoptosis (measured by both

percentages of Annexin V+ and caspase-3/7 activity) of OVA-

specific CD8+ T cells from Kmt2d KO mice compared to those

from Kmt2d WT mice (Figures 6C, D). As reduced total naïve

CD8+ T cell numbers (Figures 1C, D) could be a factor of the

reduction of OVA-specific CD8+ T cells in Kmt2d KO mice post

rLM-OVA infection, we adoptively transferred the same number (0.2

million per recipient mouse) of OVA-specific naïve CD8+ T cells

isolated from Kmt2d KO-OT-I or Kmt2d WT-OT-I mice into

congenic mice (CD45.1+) followed by rLM-OVA infection. Again,

we observed significantly fewer OVA-specific CD8+ T cells from

Kmt2d KO-OT-I than from Kmt2d WT-OT-I mice (Figures 6E, F).

We also found significantly increased apoptosis as measured by

percentage of Annexin V+, capase3/7 activity, and CD95 expression

in OVA-specific CD8+ T cells from Kmt2d KO-OT-I compared to
Frontiers in Immunology 07
those from Kmt2d WT-OT-I mice (Figures 6G, H). Together, these

results demonstrate that Kmt2d regulates activation-induced CD8+ T

cell survival and death in vivo during Listeria infection.
Discussion

Program cell death or apoptosis is an essential step post naïve

CD8+ T cell activation and differentiation. The pathways of apoptosis

are well characterized, and here we show that histone mono-

methylation (H3K4me1) catalyzed by Kmt2d plays a critical role in

survival during activation of naïve CD8+ T cells using a T-cell specific

Kmt2d deletion mouse model. We showed that activation of naïve

CD8+ T cells leads to a significant increase of apoptosis in the absence

of Kmt2d under both in vitro and in vivo situations. The increased

activation-induced apoptosis is due to increased expression of

apoptosis-related genes without apparent defects in cell cycle by

both bulk RNAseq and scRNAseq methods. In the absence of

Kmt2d, the levels of H3k4me1 at enhancers and their regulating

genes are substantially reduced, and consequently affect a broad range
B C D

E F G H

A

FIGURE 6

Reduced response of antigen-specific CD8+ T cells of Kmt2d KO mice to Listeria infection. (A) Representative plot of OVA-specific CD8+ T cells after
LM-OVA infection. Kmt2d WT or Kmt2d KO mice were infected with 5x104 cfu of LM-OVA and followed for 10 days. Number of OVA-specific CD8+ T
cells from spleen were analyzed at indicated days post infection. SIINFEKL (OVA257-264)-dextramer was used for detection of OVA-specific CD8+ T cells.
(N=3-4 each time point). (B) Apoptosis was analyzed using annexin V and Ghost viability dye at indicated days. (C) Representative plot of apoptosis
analysis of OVA-specific CD8+ T cells in LM-OVA infected Kmt2d WT or Kmt2d KO mice at indicated days. (D) AnnexinV+/Ghost viability dye+ apoptotic
cell (up) and Caspase3/7 activity positive cell (down) ratio in antigen specific cells (CD8+, SIINFEKL+, N=3-4 each time point). (E-H) Naïve CD8+ T cells
from Kmt2d WT-OT-1 or Kmt2d KO-OT-1 mice were transferred to congenic mice and infected with LM-OVA. As OT-1 mouse has only OVA-specific
CD8+ T cells, transferred cells were identified with CD45.2 and CD8. N=3-4 each day. (E) Representative plot of donor cells in congenic mice after LM-
OVA infection at indicated time points. (F) Donor naïve CD8+ OT-1 T cells after LM-OVA infection. LM-OVA was injected 1day after donor cell transfer.
(G) Representative plot of apoptosis analysis. AnnexinV/Ghost viability dye (top), active caspase3/7 (middle), and CD95 (bottom) expression in donor cells.
(H) Average percentage of apoptotic cells, caspase active cells, and CD95+ cells in donor cells. The time course differences were calculated by two-way
Anova test *, p<0.05, **, p<0.01 and ***, p<0.001. Paired comparison was calculated by Student’s t-test. *, p<0.05.
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of functions of CD8+ T cells in response to activation. Collectively, our

findings demonstrate that Kmt2d regulates naïve CD8+ T cell survival

and activation-induced cell death and suggest that H3K4me1

catalyzed by Kmt2d plays a critical role in naïve CD8+ T cell function.

Activation-induced apoptosis is an essential process during T cell

immune response and the timing of apoptosis is tightly regulated after

T cell activation to achieve a balance between generation of sufficient

effector cells to control an infection and removal of excessive effector

cells after the clearance of the pathogen. In vitro, we observed that

activation-induced apoptosis of naïve CD8+ T cells in the absence of

Kmt2d occurs at the first cell division rather than 3rd division in the

presence of Kmt2d. This hasty activation-induced apoptosis

significantly reduced expansion of antigen-specific effector CD8+ T

cells in Kmt2d KO mice. Analyses of histone methylation and the

transcriptome of activated naïve CD8+ T cells have revealed altered

expression of a broad range of genes from Kmt2d KO compared to

the Kmt2d WT mice, providing evidence that Kmt2d is critically

important in regulation of apoptosis and immune functions of naïve

CD8+ T cells. At the bulk cell level, not all enhancers have reduced

H3K4me1 levels that have detectable Kmt2d binding and not all

altered expressed genes have reduced H3K4me1 level at their

enhancers. This demonstrates that regulation of H3K4me1 level

and gene expression is complex and Kmt2d may preferentially

regulate selected genes as reported (13). It is currently unknown

how other methyltransferases such as Kmt2c function in the absence

of Kmt2d (37). More studies will be needed to better understand the

role of Kmt2d in CD8+ T cell activation and function.

Single cell transcriptome analysis reveals both quantitative and

qualitative differences in freshly isolated and in vitro stimulated naïve

CD8+ T cells between Kmit2d KO and WT mice. In freshly isolated

naïve CD8+ T cells, Kmt2d KO mice had increased expression of

mitochondrial proteins related to apoptosis and reduced expression of

adhesion and cytoskeleton proteins. Post stimulation, the expression

of some apoptosis-related genes (e.g., Chchd10) remained high and

other apoptotic related genes (e.g., Myc, Egr1, and NKbid) became

prominent in naïve CD8+ T cells of Kmt2d KO mice. Similarly, genes

with reduced expression (e.g., Rgcc, Actn1, Gmfg, and Rac2) in freshly

isolated naïve CD8+ T cells of Kmt2d KO mice remained lowly

expressed post stimulation. In addition to these differences in gene

expression levels, substantially fewer naïve CD8+ T cells of Kmt2d KO

mice (66% in cluster one and 34% in cluster 2) were able to be

activated post one-day stimulation based on the overall transcriptome

changes compared to the naïve CD8+ T cells of Kmt2dWTmice (36%

in cluster one and 64% in cluster 2), suggesting the ability to respond

to activation signals, a pivotal function of naïve CD8+ T cells, is

substantially impaired in the absence of Kmt2d.

Reduction of naïve CD8+ T cells in the peripheral lymphoid

tissues and blood in Kmt2d deficient mice is partially due to reduced

T cells in thymus. Flow cytometry analysis shows an increase of

immature thymocytes in the absence of Kmt2d. However, the precise

role of Kmt2d in T cell development requires further study. In

contrast to the significant reduction of naïve CD8+ T cells, memory

CD8+ T cells exhibit a much milder reduction. As mRNA levels of

Kmt2d is much lower in memory than in naïve CD8+ T cells, it is

possible that Kmt2d plays a limited role in memory CD8+ T cells.

Nevertheless, it remains to be determined whether activation-induced

increased apoptosis observed in naïve CD8+ T cells happens in
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memory CD8+ T cells in the absence of Kmt2d and if these

surviving memory CD8+ T cells are less dependent on Kmt2d.

In conclusion, our findings reveal a critical role of Kmt2d in

epigenetic regulation of gene expression involved in cell death by

controlling the level of H3K4me1 at enhancers during naïve CD8+ T

cell activation. Understanding how Kmt2d is recruited and catalyzes

H3K4me1 at specific enhancers as well as its interaction with other

regulators provides new insight into epigenetic regulation of gene

expression during CD8+ T cell activation and differentiation.
Methods

Animals and cells

Kmt2d-floxed (Kmt2dfl/fl) mice were generated as described (9).

CD4-Cre mice were obtained from Taconic, and OT-I, B6.SJL-PtpraJ

mice from Jackson Laboratory. Kmt2dfl/fl mice were crossed with

CD4-Cre mice to generate the Kmt2dfl/fl-CD4-Cre+ (Kmt2d KO)

strain. Kmt2d KO mice were further crossed with OT-I to generate

Kmt2d KO-OT-I strain. All mice were maintained under specific

pathogen-free conditions at the animal facility of National Institute

on Aging and animal care was conducted in accordance with the

guidelines of NIH.
In vitro culture of naïve CD8+ T cells

Naïve CD8+ T cells were purified from spleen of Kmt2d WT or

Kmt2d KO using StemCell CD8+ naïve T cell negative isolation kit

(StemCell Technology) and purity of isolated cells were over 95%.

Cells were cultured in RPMI-1640 with 10% FBS, 10mM HEPES, 0.11

nM beta-mercaptoethanol and 1x Pen/Strep/Glu from Thermo-

Fisher with stimulations using plate coated anti-CD3 (2C11, 3µg/

ml) and soluble anti-CD28 (37.51, 1mg/ml) (aCD3/CD28

antibodies) (Biolegend).
Listeria infection

Listeria monocytogenes (10403S) with engineered OVA was a gift

from Dr. Hao Shen of University of Pennsylvania and cultured in

Brain Heart Infusion (BHI) media with 50 µg/mL erythromycin. Mice

were immunized via tail vein injections of 5×104 cfu of Listeria

monocytogenes (38). All infection experiments were conducted

under BSL-2 conditions with an approved protocol.
Adoptive transfer

Naïve CD8+ T cells were isolated from the spleens of Kmt2d WT,

Kmt2d KO, Kmt2d WT-OT1 or Kmt2d KO-OT1 mice by a kit from

StemCell described above and adoptively transferred to CD45.1+

congenic (B6.SJL-PtpraJ) mice. Cells were pre-labeled with eFluor-

450 cell proliferation tracker (eBioscience) for proliferation analysis.

The mice were immunized with Listeria monocytogenes the next day

and sacrificed or bled at indicated time points for FACS analysis.
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Flow cytometry analysis

The antibodies for flow cytometry used to detect surface and

intracellular molecules (CD4, CD8, CD45.1, CD45.2, CD127, KLRG1,

CD69, CD25, CD44, CD62L, CD95, CD24, TNF-a, and annexin V

conjugated to various fluorescent dyes) were purchased from

Biolegend/Tonbo and SIINFEKL-dextramer-PE from Immudex. For

viability test, Ghost viability dye 510 (viability dye, Tonbo) was used

(39). For activation-induced cytokine expression, naïve CD8+ T cells

were stimulated by aCD3/CD28 antibodies for 72 hours and PMA

(20 ng/ml), Ionomycin (1 mg/ml) (Sigma) and Golgi plug (BD) (1 ml/
ml) were added 4 hours before collection. Stimulated cells were

collected and permeabilized with Fix/Perm buffer (BD bioscience)

and blocked with mouse/rat serum mixture (Stemcell Technology) to

reduce nonspecific antibody staining. Permeabilized cells were stained

in Perm buffer (contains saponin) with cytokine-specific or

representative isotype control antibodies. For the apoptosis analysis,

annexin V staining, and caspase 3/7 activity assay were performed.

For annexin V staining, cells were stained with fluorophore

conjugated annexin V and Ghost-viability dye along with cell

surface antibodies. Caspase 3/7 activity was analyzed with

CellEvent™ caspase 3/7 detection kit (ThermoFisher), which

detects DEVDase act ivi ty of caspase-3/7 according to

manufacturer’s protocol. Briefly, cells were incubated with

CellEvent™ Caspase-3/7 Green Detection Reagent for 30 minutes

in 37C incubator and then stained with other fluorescent conjugated

cell surface antibodies including Ghost viability dye. The stained cells

were acquired immediately on a flow cytometer. Flow cytometry data

was acquired on a BD FACS CantoII or Accuri C6 flow cytometer and

results were analyzed with FlowJo (10.4) (Tree Star).
FACS cell sorting

Sorting was performed in MoFlo (Beckman Courter) and iCyt

(Sony) cell sorters. Bead-based pre-enriched CD8+ T cells were

stained with anti-CD8, CD44, and CD62L antibodies with variable

fluorochromes to define naïve (CD62L+/CD44-), central memory

(CD62L+/CD44+), and effector memory (CD62L-/CD44+) cells in

the CD8+ population. SIINFEKL-dextramer (Immudex) was added

to staining in the case of antigen-specific cell sorting.
Proliferation assay

Proliferation assays were carried out with efluor450 proliferation

tracker (eBioscience) incorporation assay. For efluor450 proliferation

tracker assay, FACS-sorted or bead-enriched naïve CD8+ T cells were

labeled with 1µM of efluor450 proliferation tracker according to

manufacturer’s instructions. The labeled cells were cultured or

adoptively transferred. Flow cytometric analysis was performed at

405 excitation and 450/50 band pass collection for each time point.

Stained cells were analyzed using CantoII and FlowJo.
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Chromatin immunoprecipitation sequencing

Naïve CD8+ T cells from Kmt2d WT and Kmt2d KO mice were

sorted by FACS and stimulated with a-CD3/CD28 in vitro for 24

hours. Human CD4+ naïve cells were sorted for a spike-in control.

Cells were digested in digestion buffer (50mM Tris-HCl, 1mM CaCl2,

0.2% Triton X-100, 5 mM sodium butylate with proteinase inhibitor

cocktail and 0.5 mM PMSF). Digested human CD4N cells were spiked

into mouse cell digestions at the ratio of 10%. 0.2U MNase

(ThermoFisher) was added per million cells and incubated at 37°C

for 40 minutes and sonicated (Diagenode) with a power setting of 5

for 4 repeats of 30 seconds followed by 30 seconds break between each

repeat in ice-cold water to obtain an average size between 100-300

bps. The sonicated products were dialyzed with 10000 MWCO

Cassette G2 (ThermoFisher) in RIPA buffer for 2 hours at 4°C, and

then incubated with Dynabeads Protein G (ThermoFisher) coated

with 4 mg of anti-H3K4me1 antibody or non-specific IgG (Millipore)

overnight. The precipitated beads were washed with RIPA, LiCl and

TE buffer sequentially, and recovered overnight at 65°C with TE

supplemented with 10% SDS and proteinase K (MBiotech). The ChIP

DNA was purified with phenol/chloroform (Invitrogen)

and precipitated.

For sequencing, adapters were ligated to the precipitated DNA

fragments or the input DNA to construct a sequencing library

according to the manufacturer’s protocol (Illumina). In short, the

fragments were end repaired using DNA polymerases and kinases.

The fragments were A tailed on the 3’ end and then T tailed illumine

sequencing adapters, including unique indexes for each sample, were

ligated to both ends of the DNA fragments. These library samples

were then size selected (~250-400 bases) on a 4.5% agarose gel. An 18-

cycle PCR amplification was performed to enrich for fragments

containing adaptors on both ends. These amplified libraries were

then tested for concentration and equal molar amounts of each were

pooled and used to generate clusters onboard the Illumina HiSeq 2500

sequencer. These clusters were then sequenced, with Illumina HiSeq

Rapid Run Reagents, for 68 cycles then for an additional 7 cycles to

determine the index’s present in each unique cluster. The images

generated were used to generate sequence reads: Using both lanes of

the Illumina Rapid run flowcell we obtained ~500 million reads with

445 million reads passing the Illumina quality filter to be used for

generating the actual sequencing reads. The index reads were between

10.2% and 14.8% for the 8 samples with an expected average of 12.5%

for each. Of the passed filter reads, >94.5% had a quality score of Q30.

Chip-Seq reads were filtered, adjusted for spiked-in human samples,

and peak-called via SICER (40).

For ChIP-Seq of Kmt2d, sonicated chromatin was incubated with

Dynabeads Protein A coated with 8 mg of anti-Kmt2d/Mll4 antibody

(9) at 4°C overnight. Beads were washed with RIPA, RIPA with

300mM NaCl, LiCl buffer and PBS sequentially, and recovered

overnight at 65°C with TE supplemented with 10% SDS and

proteinase K. ChIPed DNA was purified using QIAquick PCR

purification kit (Qiagen). Sequencing libraries were constructed

using NEBNext® Ultra™ II DNA Library Prep kit following
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manufacturer’s instruction. AMPure XP magnetic beads (Beckman

Coulter) were used for size selection. PCR amplification of libraries

was done for 15 cycles. Final libraries were sequenced on Illumina

HiSeq 3000. For peak calling of Kmt2d, SICER (40) was used with the

window size of 50 bp and the gap size of 50 bp. CPM values as

reported were calculated via in-house Python scripts. Heatmap

generation and analysis were done via Galaxy web platform (41).
RNA-seq

Total RNA was extracted using RNaeasy Kit on QIAcube

(Qiagen) from resting and stimulated sorted naïve CD8+ T cells (24

hours with anti-CD3/28 antibodies) from Kmt2d WT or Kmt2d KO

mice. RNA samples were processed following the protocol for the

Illumina TruSeq Stranded mRNA Sample Preparation Kit. Poly (A)

tailed RNA was purified from 1 mg of total RNA, fragmented, and

reverse-transcribed into cDNAs. Double strand cDNAs were

adenylated at the 3’ ends and individually indexed, followed by

limited-cycle (15) amplification. Paired-end sequencing (100 × 2

cycles) of multiplexed mRNA samples per lane was carried out on

an Illumina HiSeq 2500 sequencer. Gene set enrichment analysis

(GSEA) was performed using the R packages clusterProfiler and

ReactomePA on genes ordered by indicated measures in defined

analyses (42). GSEA annotation sets with normalized enrichment

scores (NES) above 1.5 and q-value (FDR) below 10% were

considered significant.
scRNAseq library construction and
data analysis

Naïve CD8+ T cells were isolated from Kmt2d WT or Kmt2d KO

mice by cell sorting and half of them were stimulated with anti-CD3/

28 antibodies for 24 hours. Both freshly sorted and stimulated naïve

CD8+ T cells were counted for scRNAseq library construction using

Single Cell 5’ VDJ library and Gel bead kits (10X Genomics)

according to the manufacturer’s protocol. Briefly, resting and

stimulated naïve CD8+ T cells were mixed with gel bead-in-

emulsion (GEM) generation. After template-switching reverse

transcription within GEMs, cDNA was amplified in bulk.

Subsequent fragmentation, end repair, A-tailing, adaptor ligation,

and sample index PCR generated P5- and P7- capped, cell- and

sample-indexed single-cell 3’ gene expression libraries. PCR products

were purified using 1.6X AmpureXP. Libraries were quantified using a

bioanalyzer machine (Agilent) before sequencing. Sequencing was

performed on the Illumina HiSeq 3000/4000 flow cell. Read 1, Read 2,

and the sample index were sequenced to 28, 91, and 8 base pairs,

respectively. Cellranger (6.0) was used for data processing.

The 2000 most variable genes in the dataset were chosen using the

FindVariableFeatures function in Seurat using the “vst” method.

Clustering was then done using the FindNeighbors and

FindClusters functions in Seurat, using the 18 most variable

principal components and 0.5 resolution using the Louvain
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Algorithm. Two clusters of resting (cluster 1) and stimulated

(cluster 2) of naïve CD8 T+ cells were showed on UMAP

projections. Differential Expression analysis was performed in each

cluster using Seurat. Genes expressed in at least 30% of cells in each

subset with at least at an average of 1.2-fold change were considered

differentially expressed at a threshold of 5% False Discovery Rate

(FDR) generated from the p-value using the Student’s T-test. Gene set

enrichment analysis (GSEA) was performed using the R packages

clusterProfiler and ReactomePA on genes ordered by indicated

measures in defined analyses (42). GSEA was described above.
Quantitative reverse transcription
polymerase chain reaction for Kmt2d

Total RNA was extracted with RNaeasy Kit on QIAcube (Qiagen)

from freshly isolated or stimulated naïve CD8+ T cells. RNA was

reverse transcribed to cDNA using Super Script III (Invitrogen).

Quantitative PCR was performed with SYBR green (Qiagen) by

standard protocol. Gene primers are included: Kmt2d (F: 5’-

GCTATCACCCGTACTGTGTCAACA-3’ and R: 5’-CACACA

CGATACACTCCACACAA-3 ’) ; Angptl4 (F: 5 ’-GGGGAC

CTTAACTGTGCCAA-3 ’ and R: 5 ’ -GCCGTGGGATAG

AGTGGAAG-3’); Bcl3 (F: 5’-CGGAGGCCCTTTACTACCAG-3’

and R: 5’-GGAGTAGGGGTGAGTAGGCA-3’); Lmna (F: 5’-

GCAAAGTGCGTGAGGAGTTC-3 ’ and R: 5 ’-TCCTTGGA

GTTGAGAAGAGCC-3 ’ ) ; Rps6ka1 (F : 5 ’ -TCAGGGGAA

GAAGCTGGACT-3’ and R: 5’- TCAAACTGGGATGGATCGGC-

3’); Axl (F: 5’-GGTCGCTGTGAAGACCATGA-3’ and R: 5’-

TGACGTTGGGGTGGTCAAAT-3’); Hip1r (F: 5’-GCGGGA

ACTGATGTCAACAA- 3 ’ a nd R : 5 ’ -AAGACATCTG

GGACACTGCG-3 ’ ) ; Lgal s3 (F : 5 ’-ACTAATCAGGTGA

GCGGCAC-3’ and R: 5’-CCTTGAGGGTTTGGGTTTCC-3’); and

Gapdh (F:5’-ATGTGTCCGTCGTGGATCTGA-3’ and R: 5’-

CCTGCTTCACCACCTTCTTGA-3’) for normalization.

Statistical analysis. Student’s t-test was used to compare WT and

KO mice at specified time points. Two-way Anova was used to

compare the overall difference of a time course between WT and

KO mice using Prism. *, ** and *** represent p<0.05, 0.01 and

0.001, respectively.
Data availability statement

The RNAseq and ChIPseq data were deposited to NCBI SRA

(PRJNA541991) and the scRNAseq data were deposited to

GEO (GSE217656).
Ethics statement

The animal study was reviewed and approved by NIA

ACUC committee.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1095140
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Kim et al. 10.3389/fimmu.2022.1095140
Author contributions

JK and NPW conceived project. JK carried out most experiments,

QY helped scRNAseq experiment, J-EL helped Kmt2d ChIPseq

experiments, TN, XL, YK, and SD helped ATACseq and ChIPseq

data analysis, RA and YZ helped RNAseq data analysis, JC helped

scRNAseq data analysis, WP helped data analysis, KG provided

Kmt2d KO mice and advice. JK and NPW wrote the manuscript.

All authors contributed to the article and approved the

submitted version.
Funding

This work was supported by the Intramural Research Programs

of the NIH, National Institute on Aging (Z01-AG000757)

and National Institute of Diabetes, Digestive and Kidney Diseases.

This work was also supported by National Institute of Allergy

and Infectious Diseases grants (R01 AI121080, and R01 AI139874)

to WP.
Acknowledgments

We thank Sheba Edmonds, Dominic Veal, and Deva Masing for

tail intravenous injection, Arnell Carter for helping with mouse
Frontiers in Immunology 11
anatomy, Cuong Nguyen and Tonya Wallace for FACS cell sorting,

Wells Wu for running RNA-seq. Beverly Baptiste for proofreading

the manuscript.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.

1095140/full#supplementary-material
References
1. Wang Z, Zang C, Rosenfeld JA, Schones DE, Barski A, Cuddapah S, et al.
Combinatorial patterns of histone acetylations and methylations in the human genome.
Nat Genet (2008) 40(7):897–903. doi: 10.1038/ng.154

2. Weng NP, Araki Y, Subedi K. The molecular basis of the memory T cell response:
differential gene expression and its epigenetic regulation. Nat Rev Immunol (2012) 12
(4):306–15. doi: 10.1038/nri3173

3. Henning AN, Roychoudhuri R, Restifo NP. Epigenetic control of CD8(+) T cell
differentiation. Nat Rev Immunol (2018) 18(5):340–56. doi: 10.1038/nri.2017.146

4. Chang S, Aune TM. Dynamic changes in histone-methylation ‘marks’ across the
locus encoding interferon-gamma during the differentiation of T helper type 2 cells. Nat
Immunol (2007) 8(7):723–31. doi: 10.1038/ni1473

5. Araki Y, Wang Z, Zang C, Wood WH, Schones D3rd, Cui K, et al. Genome-wide
analysis of histone methylation reveals chromatin state-based regulation of gene
transcription and function of memory CD8+ T cells. Immunity (2009) 30(6):912–25.
doi: 10.1016/j.immuni.2009.05.006

6. Wei G, Wei L, Zhu J, Zang C, Hu-Li J, Yao Z, et al. Global mapping of H3K4me3
and H3K27me3 reveals specificity and plasticity in lineage fate determination of
differentiating CD4+ T cells. Immunity (2009) 30(1):155–67. doi: 10.1016/
j.immuni.2008.12.009

7. Local A, Huang H, Albuquerque CP, Singh N, Lee AY, WangW, et al. Identification
of H3K4me1-associated proteins at mammalian enhancers. Nat Genet (2018) 50(1):73–
82. doi: 10.1038/s41588-017-0015-6

8. Ye M, Goudot C, Hoyler T, Lemoine B, Amigorena S, Zueva E. Specific
subfamilies of transposable elements contribute to different domains of T lymphocyte
enhancers. Proc Natl Acad Sci USA (2020) 117(14):7905–16. doi: 10.1073/
pnas.1912008117

9. Lee JE, Wang C, Xu S, Cho YW, Wang L, Feng X, et al. H3K4 mono- and di-
methyltransferase MLL4 is required for enhancer activation during cell differentiation.
Elife (2013) 2:e01503. doi: 10.7554/eLife.01503.027

10. Wang C, Lee JE, Lai B, Macfarlan TS, Xu S, Zhuang L, et al. Enhancer priming by
H3K4methyltransferase MLL4 controls cell fate transition. Proc Natl Acad Sci USA (2016)
113(42):11871–6. doi: 10.1073/pnas.1606857113

11. Hosseini A, Minucci S. A comprehensive review of lysine-specific
demethylase 1 and its roles in cancer. Epigenomics (2017) 9(8):1123–42. doi: 10.2217/
epi-2017-0022
12. Zhang Y, Reinberg D. Transcription regulation by histone methylation: interplay
between different covalent modifications of the core histone tails. Genes Dev (2001) 15
(18):2343–60. doi: 10.1101/gad.927301

13. Tian Y, Jia Z, Wang J, Huang Z, Tang J, Zheng Y, et al. Global mapping of
H3K4me1 and H3K4me3 reveals the chromatin state-based cell type-specific gene
regulation in human treg cells. PloS One (2011) 6(11):e27770. doi: 10.1371/
journal.pone.0027770

14. Placek K, Hu G, Cui K, Zhang D, Ding Y, Lee JE, et al. MLL4 prepares the enhancer
landscape for Foxp3 induction via chromatin looping. Nat Immunol (2017) 18(9):1035–
45. doi: 10.1038/ni.3812

15. Philip M, Schietinger A. CD8(+) T cell differentiation and dysfunction in cancer.
Nat Rev Immunol (2021) 22(4):209–23. doi: 10.1038/s41577-021-00574-3

16. Reina-Campos M, Scharping NE, Goldrath AW. CD8(+) T cell metabolism in
infection and cancer. Nat Rev Immunol (2021) 21(11):718–38. doi: 10.1038/s41577-021-
00537-8

17. Kaech SM, Cui W. Transcriptional control of effector and memory CD8(+) T cell
differentiation. Nat Rev Immunol (2012) 12(11):749–61. doi: 10.1038/nri3307

18. Kumar BV, Connors TJ, Farber DL. Human T cell development, localization, and
function throughout life. Immunity (2018) 48(2):202–13. doi: 10.1016/j.immuni.2018.01.007

19. Qiu Z, Khairallah C, Sheridan BS. Listeria monocytogenes: A model pathogen
continues to refine our knowledge of the CD8 T cell response. Pathogens (2018) 7(2):1–22.
doi: 10.3390/pathogens7020055

20. Krammer PH, Arnold R, Lavrik IN. Life and death in peripheral T cells. Nat Rev
Immunol (2007) 7(7):532–42. doi: 10.1038/nri2115

21. Wallach D, Kang TB. Programmed cell death in immune defense: Knowledge and
presumptions. Immunity (2018) 49(1):19–32. doi: 10.1016/j.immuni.2018.06.019

22. Zhan Y, Carrington EM, Zhang Y, Heinzel S, Lew AM. Life and death of activated
T cells: How are they different from naive T cells? Front Immunol (2017) 8:1809. doi:
10.3389/fimmu.2017.01809

23. Galluzzi L, Vitale I, Aaronson SA, Abrams JM, Adam D, Agostinis P, et al.
Molecular mechanisms of cell death: recommendations of the nomenclature committee
on cell death 2018. Cell Death Differ (2018) 25(3):486–541. doi: 10.1038/s41418-017-
0012-4

24. Green DR. Apoptotic pathways: ten minutes to dead. Cell (2005) 121(5):671–4. doi:
10.1016/j.cell.2005.05.019
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2022.1095140/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1095140/full#supplementary-material
https://doi.org/10.1038/ng.154
https://doi.org/10.1038/nri3173
https://doi.org/10.1038/nri.2017.146
https://doi.org/10.1038/ni1473
https://doi.org/10.1016/j.immuni.2009.05.006
https://doi.org/10.1016/j.immuni.2008.12.009
https://doi.org/10.1016/j.immuni.2008.12.009
https://doi.org/10.1038/s41588-017-0015-6
https://doi.org/10.1073/pnas.1912008117
https://doi.org/10.1073/pnas.1912008117
https://doi.org/10.7554/eLife.01503.027
https://doi.org/10.1073/pnas.1606857113
https://doi.org/10.2217/epi-2017-0022
https://doi.org/10.2217/epi-2017-0022
https://doi.org/10.1101/gad.927301
https://doi.org/10.1371/journal.pone.0027770
https://doi.org/10.1371/journal.pone.0027770
https://doi.org/10.1038/ni.3812
https://doi.org/10.1038/s41577-021-00574-3
https://doi.org/10.1038/s41577-021-00537-8
https://doi.org/10.1038/s41577-021-00537-8
https://doi.org/10.1038/nri3307
https://doi.org/10.1016/j.immuni.2018.01.007
https://doi.org/10.3390/pathogens7020055
https://doi.org/10.1038/nri2115
https://doi.org/10.1016/j.immuni.2018.06.019
https://doi.org/10.3389/fimmu.2017.01809
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.1016/j.cell.2005.05.019
https://doi.org/10.3389/fimmu.2022.1095140
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Kim et al. 10.3389/fimmu.2022.1095140
25. Bour-Jordan H, Esensten JH, Martinez-Llordella M, Penaranda C, Stumpf M,
Bluestone JA. Intrinsic and extrinsic control of peripheral T-cell tolerance by
costimulatory molecules of the CD28/B7 family. Immunol Rev (2011) 241(1):180–205.
doi: 10.1111/j.1600-065X.2011.01011.x

26. Rudd CE, Taylor A, Schneider H. CD28 and CTLA-4 coreceptor expression and
signal transduction. Immunol Rev (2009) 229(1):12–26. doi: 10.1111/j.1600-
065X.2009.00770.x

27. Husmann D, Gozani O. Histone lysine methyltransferases in biology and disease.
Nat Struct Mol Biol (2019) 26(10):880–9. doi: 10.1038/s41594-019-0298-7

28. Cenik BK, Shilatifard A. COMPASS and SWI/SNF complexes in development and
disease. Nat Rev Genet (2021) 22(1):38–58. doi: 10.1038/s41576-020-0278-0

29. Takikita S, Muro R, Takai T, Otsubo T, Kawamura YI, Dohi T, et al. A histone
methyltransferase ESET is critical for T cell development. J Immunol (2016) 197(6):2269–
79. doi: 10.4049/jimmunol.1502486

30. Chen G, Subedi K, Chakraborty S, Sharov A, Lu J, Kim J, et al. Ezh2 regulates
activation-induced CD8(+) T cell cycle progression via repressing Cdkn2a and Cdkn1c
expression. Front Immunol (2018) 9:549. doi: 10.3389/fimmu.2018.00549

31. Froimchuk E, Jang Y, Ge K. Histone H3 lysine 4 methyltransferase KMT2D. Gene
(2017) 627:337–42. doi: 10.1016/j.gene.2017.06.056

32. Xiong W, Deng Z, Tang Y, Deng Z, Li M. Downregulation of KMT2D suppresses
proliferation and induces apoptosis of gastric cancer. Biochem Biophys Res Commun
(2018) 504(1):129–36. doi: 10.1016/j.bbrc.2018.08.143

33. Lee PP, Fitzpatrick DR, Beard C, Jessup HK, Lehar S, Makar KW, et al. A critical
role for Dnmt1 and DNA methylation in T cell development, function, and survival.
Immunity (2001) 15(5):763–74. doi: 10.1016/S1074-7613(01)00227-8
Frontiers in Immunology 12
34. Bochynska A, Luscher-Firzlaff J, Luscher B. Modes of interaction of KMT2 histone
H3 lysine 4 Methyltransferase/COMPASS complexes with chromatin. Cells (2018) 7(3):1–
31. doi: 10.3390/cells7030017

35. Barthel R, Goldfeld AE. T Cell-specific expression of the human TNF-alpha gene
involves a functional and highly conserved chromatin signature in intron 3. J Immunol
(2003) 171(7):3612–9. doi: 10.4049/jimmunol.171.7.3612

36. Pope C, Kim SK, Marzo A, Masopust D, Williams K, Jiang J, et al. Organ-specific
regulation of the CD8 T cell response to listeria monocytogenes infection. J Immunol
(2001) 166(5):3402–9. doi: 10.4049/jimmunol.166.5.3402

37. Jang Y, Broun A, Wang C, Park YK, Zhuang L, Lee JE, et al. H3.3K4M destabilizes
enhancer H3K4methyltransferases MLL3/MLL4 and impairs adipose tissue development.
Nucleic Acids Res (2019) 47(2):607–20. doi: 10.1093/nar/gky982

38. Wang N, Strugnell R, Wijburg O, Brodnicki T. Measuring bacterial load and
immune responses in mice infected with listeria monocytogenes. J Vis Exp (2011) 54:1–10.
doi: 10.3791/3076

39. Watkin LB, Jessen B, Wiszniewski W, Vece TJ, Jan M, Sha Y, et al. COPA
mutations impair ER-golgi transport and cause hereditary autoimmune-mediated lung
disease and arthritis. Nat Genet (2015) 47(6):654–60. doi: 10.1038/ng.3279

40. Xu S, Grullon S, Ge K, Peng W. Spatial clustering for identification of ChIP-
enriched regions (SICER) to map regions of histone methylation patterns in embryonic
stem cells. Methods Mol Biol (2014) 1150:97–111. doi: 10.1007/978-1-4939-0512-6_5

41. Afgan E, Baker D, Batut B, van den Beek M, Bouvier D, Cech M, et al. The galaxy
platform for accessible, reproducible and collaborative biomedical analyses: 2018 update.
Nucleic Acids Res (2018) 46(W1):W537–W44. doi: 10.1093/nar/gky379

42. Yu G, He QY. ReactomePA: an R/Bioconductor package for reactome pathway
analysis and visualization. Mol Biosyst (2016) 12(2):477–9. doi: 10.1039/C5MB00663E
frontiersin.org

https://doi.org/10.1111/j.1600-065X.2011.01011.x
https://doi.org/10.1111/j.1600-065X.2009.00770.x
https://doi.org/10.1111/j.1600-065X.2009.00770.x
https://doi.org/10.1038/s41594-019-0298-7
https://doi.org/10.1038/s41576-020-0278-0
https://doi.org/10.4049/jimmunol.1502486
https://doi.org/10.3389/fimmu.2018.00549
https://doi.org/10.1016/j.gene.2017.06.056
https://doi.org/10.1016/j.bbrc.2018.08.143
https://doi.org/10.1016/S1074-7613(01)00227-8
https://doi.org/10.3390/cells7030017
https://doi.org/10.4049/jimmunol.171.7.3612
https://doi.org/10.4049/jimmunol.166.5.3402
https://doi.org/10.1093/nar/gky982
https://doi.org/10.3791/3076
https://doi.org/10.1038/ng.3279
https://doi.org/10.1007/978-1-4939-0512-6_5
https://doi.org/10.1093/nar/gky379
https://doi.org/10.1039/C5MB00663E
https://doi.org/10.3389/fimmu.2022.1095140
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Lysine methyltransferase Kmt2d regulates naive CD8+ T cell activation-induced survival
	Introduction
	Results
	Reduced circulating na&iuml;ve CD8+ T cells in Kmt2d KO mice
	Increased cell death of na&iuml;ve CD8+ T cells from Kmt2d KO mice in response to in vitro stimulation
	Increased expression and activity of apoptosis mediators in CD8+ T cells from Kmt2d KO mice
	Reduced histone H3K4me1 in enhancer regions and reduced TNF expression in activated na&iuml;ve CD8+ T cells of Kmt2d KO mice
	Altered expression of apoptosis-related genes in resting and stimulated individual na&iuml;ve CD8+ T cells of Kmt2d KO mice
	Reduced antigen-specific CD8+ T cells in response to Listeria infection in Kmt2d KO mice

	Discussion
	Methods
	Animals and cells
	In vitro culture of na&iuml;ve CD8+ T cells
	Listeria infection
	Adoptive transfer
	Flow cytometry analysis
	FACS cell sorting
	Proliferation assay
	Chromatin immunoprecipitation sequencing
	RNA-seq
	scRNAseq library construction and data analysis
	Quantitative reverse transcription polymerase chain reaction for Kmt2d

	Data availability statement
	Ethics statement
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


