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SUMMARY
Naive CD8+ T cell activation results in an autonomous program of cellular proliferation and differentiation.
However, the mechanisms that underpin this process are unclear. Here, we profile genome-wide changes
in chromatin accessibility, gene transcription, and the deposition of a key chromatin modification
(H3K27me3) early after naive CD8+ T cell activation. Rapid upregulation of the histone demethylase
KDM6B prior to the first cell division is required for initiating H3K27me3 removal at genes essential for sub-
sequent T cell differentiation and proliferation. Inhibition of KDM6B-dependent H3K27me3 demethylation
limits the magnitude of an effective primary virus-specific CD8+ T cell response and the formation of memory
CD8+ T cell populations. Accordingly, we define the early spatiotemporal events underpinning early lineage-
specific chromatin reprogramming that are necessary for autonomous CD8+ T cell proliferation and differen-
tiation.
INTRODUCTION

Upon virus infection, naive, cytotoxic T lymphocyte (CTL) activa-

tion results in a largely autonomous program of differentiation

that results in proliferation and acquisition of lineage-specific

effector functions (van Stipdonk et al., 2003). The acquisition of

lineage-specific CTL functions, such as the production of pro-in-

flammatory cytokines interferon gamma (IFN-g) and tumor ne-

crosis factor (TNF) (Denton et al., 2011; La Gruta et al., 2004)

and expression of cytolytic effector molecules (Jenkins et al.,

2007; Kägi et al., 1994; Moffat et al., 2009; Peixoto et al.,

2007), helps limit and clear virus infection. Once the infection is

cleared, the expanded effector CTL population contracts, leav-

ing a pool of long-lived, pathogen-specific memory T cells. In

contrast to naive CD8+ T cells, virus-specific memory CTLs are

able to respond more readily and rapidly to subsequent infec-

tions without the need for further differentiation (Kaech et al.,

2002; La Gruta et al., 2004; Lalvani et al., 1997; Oehen and

Brduscha-Riem, 1998; Veiga-Fernandes et al., 2000). This
This is an open access article und
function enables rapid control of a secondary infection, leading

to immune protection.

Optimal virus-specific CD8+ T cell differentiation is under-

pinned by the coordinated expression of several transcription

factors (TFs). The BATF TF has been shown to act early after acti-

vation and works in tandem with IRF4 and JUN family members

to regulate transcriptional activation of gene loci involved in early

immune T cell activation, cell survival, and metabolic pathways

(Kurachi et al., 2014; Xin et al., 2016). Failure to engage BATF/

JUN/IRF4-dependent programs results in diminished CD8+

T cell expansion and function. BATF/JUN/IRF4 activity also re-

sults in subsequent upregulation of other TFs, such as T-BET

(encoded by Tbx21), RUNX3, and BLIMP1 (encoded by

Prdm1), which are all known to be essential for effective CD8+

T cell differentiation (Cruz-Guilloty et al., 2009; Kallies et al.,

2009; Kurachi et al., 2014; Wang et al., 2018; Xin et al., 2016).

The activation of T-BET and RUNX3 consolidate commitment

to the effector CTL lineage (Cruz-Guilloty et al., 2009; Intlekofer

et al., 2005, 2008), whereas BLIMP1 is required for terminal
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effector CTL differentiation (Kallies et al., 2009). These data

demonstrate that the stepwise progression of TF expression

during virus-specific CTL differentiation is critical for optimal

responses. Interestingly, although as few as 2 h of antigenic

stimulation is sufficient to initiate CD8+ T cell proliferation (van

Stipdonk et al., 2001), sustained stimulation for at least 20 h is

required to install an optimal effector response (van Stipdonk

et al., 2003). Although this information suggests that extensive

cellular reprogramming prior to the first cell division is required

to ensure optimal CD8+ T cell responses, the exact molecular

events that trigger this process are not fully understood.

We and others have demonstrated that virus-specific CTL dif-

ferentiation is associated with genome-wide changes in chro-

matin accessibility and histone post-translational modifications

(PTMs) (Denton et al., 2011; Northrop et al., 2008; Russ et al.,

2014, 2017; Scott-Browne et al., 2016; Sen et al., 2016; Wang

et al., 2018; Wei et al., 2009; Zediak et al., 2011). More recently,

extensive changes in chromatin accessibility, indicative of tran-

scriptional activation, was shown to occur prior to first cell divi-

sion and was dependent on RUNX3 (Wang et al., 2018). Our

own analysis showed that in the naive state, there is co-deposi-

tion of histone modifications associated with transcriptional

activation (H3K4me3) and repression (H3K27me3) at CD8+-T-

cell-lineage-specific gene promoters and enhancers (Russ

et al., 2014, 2017). Upon T cell activation, loss of H3K27me3 at

gene promoters and enhancers was broadly associated with

transcriptional upregulation of these poised genes (Russ et al.,

2014). These data suggest that the presence of H3K4me3 at

specific gene loci ensures that the genome of naive CD8+

T cells is preconfigured for transcriptional activation, but it is

maintained transcriptionally poised via co-localization of

H3K27me3. Although removal of H3K27me3 appears to be a

key step in the initiation of naive T cell activation, the timing,

genomic targets, and specificmolecularmechanisms of this initi-

ating event remain to be determined.

The removal of H3K27me3 is specifically catalyzed by KDM6A

and KDM6B demethylases (Agger et al., 2007). In mature CD4+

T cells, KDM6A activity was required for the rapid expression

of several key TFs, such as T-BET and STAT family members

(LaMere et al., 2017).Kdm6b-deficient CD4+ T cells demonstrate

dysregulated and inappropriate fate specification under T helper

(TH) skewing conditions with promotion of TH2/TH17 lineages at

the expense of TH1 and FOXP3 T regulatory cells (Li et al.,

2014). Together, these data suggest that dynamic modulation

of H3K27me3 appears to be critical for multiple stages of T cell

differentiation, both during development and activation. Howev-

er, precisely how modulation of H3K27me3 during the very early

stages of T cell activation promote effective T cell immunity is not

fully understood.

There is little understanding of the respective roles of KDM6A

and KDM6B in mediating H3K27me3 removal in and how this

may facilitate CD8 T cell differentiation. Here, we determine

that KDM6B is rapidly upregulated upon T cell activation and

prior to first cell division. This coincides with a stepwise engage-

ment of transcriptional modules that were linked with rapid

H3K27me3 demethylation. This occurred at genes involved in

a broad range of cellular support processes that underpin

optimal T cell activation and proliferation. Initial H3K27me3
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demethylation and increased chromatin accessibility targeted

regions enriched for BATF/IRF/JUN binding sites, with T-BET

and GATA TF binding sites (TFBS) evident at later stages of

H3K27me3 demethylation. Small molecule and short hairpin

RNA (shRNA) inhibition of KDM6B-dependent H3K27me3

demethylation limited the magnitude of an effective primary vi-

rus-specific CD8+ T cell response and formation of functional

memory CD8+ T cell populations capable of recall. Our data

show that H3K27me3 methylation acts as a molecular hand-

brake on the initiation of effective T cell responses, with

H3K27me3 demethylation being a key step at the very earliest

stages of T cell activation, enabling optimal lineage-specific re-

programming of effector and memory CD8+ T cells.

RESULTS

Rapid upregulation of Kdm6b occurs after naive CD8+

T cell activation
To better understand the global transcriptional changes associ-

ated with the rapid loss of H3K27me3, naive (CD44int/loCD62Lhi)

OT-I CD8+ T cells were sorted after in vitro activation with their

cognate peptide antigen, the ovalbumin (OVA257-264, SIINFEKL)

N4 peptide. Changes in gene transcription at early (3 and 5 h)

and late (24 h) times post-stimulation were assessed by RNA

sequencing (RNA-seq). We initially assessed the transcriptional

dynamics of chromatin modifiers at early (3–5 h) and late (24 h)

time points after activation (Figure 1A; Table S1). Interestingly,

we observed upregulation across the time course of histone

methyltransferases, such as Suv39h1/h2 and Ezh2/Suz12, that

are associated with deposition of H3K9me3 (Rea et al., 2000)

and H3K27me3 (Cao et al., 2002), respectively. This result is in

line with recent reports showing that upregulation of these com-

ponents are important for optimal effector CD8+ T cell responses

(Gray et al., 2017; Pace et al., 2018). We also observed that the

H3K27me3 demethylase Kdm6b was transiently upregulated at

3 and 5 h but returned to levels observed in naive OT-I CD8+

T cell levels at 24 h (Figure 1A). This trend was also observed

in anti-CD3-stimulated naive CD8+ T cells isolated from

C57BL/6 mice (Figure S1A), irrespective of the presence of inter-

leukin-2 (IL-2). Kdm6bwas the only one of five histone demethy-

lases analyzed that was transcriptionally upregulated in

response to TCR activation, whereas Kdm6a, another histone

demethylase that is responsible for H3K27me3 removal, re-

mained unchanged (Figure 1B). In vitro stimulation with different

N4 peptide variants demonstrated that Kdm6b upregulation was

only responsive to higher TCR affinity peptides, namely, N4 and

Q4, compared to the lower affinity E1 and G4 variants

(Figure S1B). These results clearly demonstrate Kdm6b upregu-

lation reflects the quality of TCR-driven activation within these

naive OT-I CD8+ T cells.

Rapid H3K27me3 demethylation occurs after naive
CD8+ T cell activation
TCR-signaling-induced Kdm6b upregulation coincided with a

progressive loss of H3K27me3 at the promoters of the key

TFs Irf4, Tbx21, and Irf8 at 5 and 24 h after activation, whereas

the levels of H3K4me3 enrichment remained consistent across

these time points (Figure 1C). This progressive loss of



Figure 1. The regulation of Kdm6b and H3K27me3 demethylation during early hours of T cell activation

(A) RNA-seq analyses were performed on naive (CD44loCD62Lhi) CD45.1+ CD8+ OT-I T cells that were either left unstimulated or stimulated with the N4 peptide in

the presence of rhIL-2 (10 U/mL) for 3, 5, and 24 h. The expression fold change (log2) of histone modifiers in these activation time points was compared to

unstimulated OT-I naive CD8+ T cells.

(B) Relative gene transcription levels of Kdm1b, Kdm3b, Kdm5b, Kdm6a, and Kdm6b were validated by qPCR.

(legend continued on next page)
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Figure 2. Dynamic regulation of H3K27me3

during early CD8+ T cell activation

(A) H3K27me3 ChIP-seq was performed on either

naive CD8+ OT-I T cells or on OT-I T cells after 3, 5,

or 24 h of in vitro stimulation as described above in

Figure 1. Data were mapped back to the mouse

genome (version mm10). H3K27me3 domain length

was assessed within regions that exhibited a loss of

H3K27me3 within activated CD8+ T cells compared

to naive CD8+ T cells.

(B) Genomic regions that marked with H3K27me3

within OT-I CD8+ T cells activated for 3, 5, and 24 h

were enumerated and compared to H3K27me3 re-

gions within unstimulated naive OT-I T cells.

Genomic regions exhibiting H3K27me3 loss only

after 3 h of stimulation were characterized as

‘‘transient’’ loss; decreased H3K27me3 at 3, 5, and

24 h of stimulation were ‘‘stable’’ loss; and

decreased H3K27me3 at 24 h only after stimulation

as ‘‘delayed’’ loss.

(C) H3K27me3 ChIP-seq was performed on either

naive CD8+ OT-I T cells or on OT-I T cells simulated

as described above in Figure 1. Data were mapped

back to the mouse genome (version mm10).

Genomic regions that either lost or gained

H3K27me3 within activated CD8+ OT-I T cells were

compared to the unstimulated sample. These re-

gions were categorized into either transient, de-

layed, or stable loss or gain of H3K27me3. The

number of regions in the groups of transient, stable,

or delayed H3K27me3 loss and gain were within

1,000, 5,000, or 10,000 base pairs (bp) of the tran-

scription start site of differentially expressed genes

identified after in vitro activation (see Figure 1) or

identified after a 50-h stimulation of ex-vivo-derived

effector OT-I CD8+ T cells (Russ et al., 2014).
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H3K27me3 appeared to be selective, as H3K27me3 remained

largely constant at the promoter of MyoD and Actin

(Figure S1C). Furthermore, the removal of H3K27me3 coin-

cided with concomitant transcriptional upregulation of these

TFs (Figure 1D).

To identify the genomic regions that underwent rapid

H3K27me3 demethylation, we carried out H2K27me3 chromatin

immunoprecipitation sequencing (ChIP-seq) at 3, 5, and 24 h af-

ter naive T cell activation (Figure 2). Consistent with previous

reports (Araki et al., 2009; Russ et al., 2014), naive CD8+

T cells exhibited broad H3K27me3 regions (Figure 2A). Upon

CD8+ T cell activation, H3K27me3 domains were trimmed signif-

icantly, with this remodeling maintained up to 24 h (Figure 2A).

H3K27me3 demethylation was evident at 7,137, 4,022, and

13,077 regions at 3, 5, and 24 h, respectively (Figure 2B), far

exceeding the number of regions that had gained H3K27me3

(518, 3,641, and 2,342 regions, at 3, 5, and 24 h, respectively)

(Figure S2A). Both a gain and loss in H3K27me3 levels occurred

directly at the promoter, the transcription start site (TSS), exons,
(C) Relative enrichment of H3K27me3 measured by ChIP-qPCR by using primers

T cells stimulated up to 2 h in 10 U/mL of rhIL-2 with the 1-mg N4 peptide in vitro

(D) Relative gene transcription measured by quantitative real-time PCR validated

Irf4 (IRF4), and Irf8 (IRF8) in OT-I naive CD8+ T cells stimulated as described abov

significance calculated using a one-tailed Student’s t test (*p < 0.05 **p < 0.01, *
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50 UTR, and 30 UTR of a gene, with most H3K27me3 changes an-

notated to introns, intergenic regions, and short interspersed el-

ements (SINEs) (Figure S2B), indicating the role of H3K27me3 in

regulating both protein-coding and non-coding regions.

To investigate the dynamics of H3K27me3 demethylation, we

classified regions based on the timing of H3K27me3 removal.

We observed that 3,428 regions (48%) were transiently deme-

thylated, exhibiting a decrease in H3K27me3 at 3 h (transient

loss). In contrast, relatively few regions (1,149, 16.1%) were sta-

bly demethylated at all time points measured (3, 5, and 24 h;

stable loss). Of the 13,077 regions demethylated at 24 h, the ma-

jority of them (8,443, 65%) only showed demethylation at the 24-

h time point (delayed loss) (Figure 2B). These data are indicative

of a staged H3K27me3 demethylation within the first 24 h of

naive T cell activation. Given that the numbers of regions exhib-

iting a ‘‘transient,’’ ‘‘stable,’’ and ‘‘delayed’’ gain in H3K27me3

were significantly smaller than those that lost H3K27me3

(Figure S2B), we primarily focused on regions that exhibited

H3K27me3 demethylation early after T cell activation.
spanning across the promoter of Irf4, Tbx21, and Irf8 gene loci in OT-I CD8+

.

the transcriptional pattern of the transcription factors Tbx21 (encodes T-BET),

e. Data are shown as mean ± SEM from 3 independent repeats with statistical

**p < 0.001).
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Early H3K27me3 demethylation initiates cellular
processes required during effector and memory
differentiation
To understand how early H3K27me3 demethylation impacted

the gene expression profiles observed in early activated CD8+

T cells, H3K27me3 demethylated regions were annotated to

nearest neighboring differentially expressed genes (DEGs; ±10

kb). Within early hours of T cell activation, the majority of the

regions exhibiting stable and delayed demethylation were asso-

ciated with transcriptionally active genes, rather than downregu-

lated genes (Figure 2C). Importantly, this association continued

to be evident in ex-vivo-derived effector and memory CD8+

OT-Is (Figure 2C), indicating that these early changes in

H3K27me3 demethylation are associated with transcriptional

upregulation and are transmitted into effector and memory

CD8+ T cells.

To visualize H3K27me3 dynamics, we generated heatmaps

showing the tag density within H3K27me3 peaks (±5 kb from

the center of the peak) annotated to the nearest neighboring

gene (Figure 3A). Interestingly, regions that exhibited rapid de-

methylation that were stable at the 24-h time point were linked

to genes with a well-documented role in T cell biology and cell

cycle processes (Figure 3A). Interestingly, there appears to be

a great overlap between genes annotated to lists of stable, tran-

sient, and delayed regions. These H3K27me3 demethylated re-

gions could potentially be putative enhancers belonging to the

same gene that undergo different patterns of demethylation dur-

ing early T cell activation.

Gene Ontology analysis demonstrated that regions exhibiting

transient demethylation were primarily involved in chemokine

and cellular migration processes. Interestingly, gene loci that ex-

hibited stable and/or delayed demethylation were enriched for

general cellular processes, such as cytokine production, cell

growth, cell morphogenesis, cell adhesion, proliferation, and

cell cycle arrest (Figure 3B). To further understand the role of

H3K27me3 removal in T cell commitment, we identified

H3K27me3 demethylated regions that overlapped with those in

effector/memory CD8+ T cells and those that do not overlap

(Figure S2C), followed by gene annotation and pathway analysis

(Figure S2D). Corroborating with our previous result, genomic re-

gions with stable or delayed H3K27me3 removal during early

T cell activation indeed overlapped with demethylated regions

in fully differentiated effector and memory CD8+ T cells. They

were annotated to genes enriched in pathways such as response

to cytokines, activation of immune responses, and regulation of

lymphocyte proliferation. With the exception to cellular response

to cyclic 30,50-guanosine monophosphate and signal transduc-

tion in gene regulation, we could not identify any memory-asso-

ciated pathways that specifically arise after the first cell division.

Instead, we identified an enrichment of pathways such as phos-

phatidylinositol 3-kinase (PI3K)-Akt, mitogen-activated protein

kinase (MAPK), and Wnt signaling not only in fully differentiated

effector and memory but also in group of genes that experience

delayed demethylation within the first 24 h of T cell activation.

These results therefore strongly indicate that early H3K27me3

removal within hours of T cell activation is critical for initiating

proliferative, inflammatory, and lineage-commitment pathways

necessary for effector and memory T cell differentiation.
To explore this further, we carried out Gene Ontology of DEGs

identified at 3, 5, and 24 h after activation in our RNA-seq data.

K-means clustering partitioned DEGs into modules of transcrip-

tionally induced (sets a–d) or repressed genes (sets e–h) that ex-

hibited distinct kinetics (Figures S3A and S3B). Gene Ontology

analysis of DEGs that were upregulated after activation showed

distinct functional associations depending on when they were

upregulated. Genes that were rapidly but transiently upregulated

(set a) were enriched in genes associated with inflammatory and

immune response function (Figure S3C). Genes that were tran-

scribed over the entire time course (sets b and c; 3–24 h) were

enriched for cellular support processes, such as RNA binding

and processing, metabolic pathways, and cell cycle/proliferation

processes (Figure S3C). Finally, those genes upregulated at 24 h

only were enriched for DNA repair and cellular division

(Figure S3C). Taken together, our data demonstrate that naive

CD8+ T cell activation results in rapid H3K27me3 demethylation

resulting in stepwise engagement of transcriptional modules

important for readying the activated T cell for subsequent prolif-

eration and differentiation.

H3K27me3 removal establishes a permissive chromatin
landscape for TF binding
Naive T cell activation was associated with a loss of histone H3

and concomitant increase in chromatin accessibility at the Irf4,

Tbx21, and Irf8 promoters (Figure 4A). To assess the link between

increased chromatin accessibility and H3K27me3 demethylation

at a genome-wide scale, we performed assay for transposase-

accessible chromatin using sequencing (ATAC-seq) at early and

late activation time points (0, 3, and 24 h) and cross referenced

it to the H3K27me3 ChIP-seq data at the same time points. A

significantly greater number of regions (27.5%) that exhibited sta-

ble H3K27me3 loss at 3 h also exhibited an increase in chromatin

accessibility compared to regions with transient or delayed

H3K27me3 demethylation (10%) (Figure 4B). Importantly, regions

that exhibited concomitant H3K27me3 loss and increased chro-

matin accessibility were associated with transcriptionally upregu-

lated genes at the same time points (Figure S4).

To determine if H3K27me3 demethylation patterns (transient,

stable, and delayed) detected during the first 24 h of T cell acti-

vationweremaintained in fully differentiated virus-specific T cells

isolated directly ex vivo, early demethylation datasets were cross

referenced against H3K27me3 methylation datasets obtained

from ex-vivo-derived effector and memory T cells (Russ et al.,

2014). Many of the genomic regions exhibiting demethylation

initiated within the first 24 h of T cell activation remained deme-

thylated in fully differentiated effector (E) and memory (M) T cells

(Figure S4). Concomitantly, these same demethylated regions

also showed increased H3K27ac deposition in effector and

memory compared to naive T cells (Figure S4). This analysis

therefore indicates a number of these genomic regions exhibiting

chromatin remodelling prior to first cell division were also

observed inmature ex vivo effector andmemory influenza A virus

(IAV)-specific CTLs. Together, these findings suggest that early

H3K27me3 demethylation is an integral step that results in a

rapid transition to a permissive chromatin landscape early after

naive T cell activation and that is maintained in mature virus-spe-

cific effector and memory CTLs.
Cell Reports 34, 108839, March 16, 2021 5
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Given the link between the loss of H3K27me3 and increased

chromatin accessibility, we next assessed which TF binding mo-

tifs were enriched at H3K27me3 demethylated regions at 3, 5,

and 24 h after activation (Figure 4C). Interestingly, in line with

the stepwise induction of specific transcriptional modules at

distinct stages of early T cell activation (Figure S3), we observed

staged enrichment for specific TF motifs at 3, 5, and 24h after

T cell activation. ATF/JUN motifs were among one of the earliest

motifs detected at demethylated regions at 3 h post-activation

(Figure 4C; Figure S5A) and increasing up to 24 h. At 5 h after

activation, TF motifs for REL, IRF/STAT/GATA family members

emerged at H3K27 demethylated regions with the later appear-

ance of TBX21, RUNX3, and NFIL3 motifs at demethylated re-

gions at 24 h. Interestingly, motifs for EGR and E2F TFs were

only transiently enriched (3 h) andwere negatively enriched at re-

gions demethylated at 5 and 24 h after T cell activation. Hence,

dynamic regulation of H3K27 methylation upon naive T cell acti-

vation results in ordered chromatin remodeling events that

appear to ready the chromatin landscape for specific TF binding.

To determine whether enrichment of TF motifs at H3K27me3

demethylated sites corresponded to specific TF binding, regions

that exhibited loss or gain of H3K27me3 were overlaid with pub-

licly available T cell TF ChIP-seq data (Figures 4D and 4E).

Supporting the TF motif enrichment analysis (Figure 4C), stably

demethylated regions in recently activated CD8+ T cells were en-

riched for AP-1 (JUND, 14.6%; BATF, 15.2%; FOSL, 2%–11.6%)

and STAT (STAT, 1%–13.3%; STAT, 3%–10.2%; STAT5A,

11.8%) members and TBX21 (12.1%) and IRF4 (15.4%) binding

compared to either the transiently or delayed groups, which

ranged between 2% and 6% in the same dataset (Figures 4D

and 4E). In contrast, 19.3% of the transiently H3K27 demethy-

lated regions and 17%–20% of the regions exhibiting

H3K27me3 gain overlapped with SUZ12 binding, a component

of the PRC2 complex that is responsible for H3K27me3 deposi-

tion (Figures 4D and 4E). This finding suggests that the observed

upregulation of PRC2 components, namely, EZH2 and SUZ12,

early after T cell activation may correlate with remethylation of

transiently demethylated regions soon after T cell activation

(Gray et al., 2017).

Importantly, a greater percentage of stably demethylated re-

gions (21.8%) also showed binding for the histone acetyltrans-

ferase p300 compared to the transient demethylated regions

(8.8%; Figures 4D and 4E). The potential for p300 binding at

these stably demethylated regions was linked to genes that

were transcriptionally induced in effector and/or memory

T cells (Figure S4). These data suggest that p300 binding and

subsequent acetylation of H3K27 are required for the demethy-

lation to remain stable instead of transient. To test this hypothe-

sis, we overlaid our previous H3K27ac data from naive, effector,

and memory CD8+ T cells (Russ et al., 2017) with transiently,

stable, and delayed H3K27me3 demethylated regions. In
Figure 3. H3K27me3 demethylation regulates genes involved in cellula

(A) The total number of H3K27me3 sequence tags within ±5 kb of the middle of the

et al. (2014). Hierarchical clustering was then used to identify genomic regions t

These regions were then annotated to thenearest neighbor genes (listed).

(B) Gene Ontology (GO) analysis of annotated gene loci linked to H3K27me3 regi

and hierarchical clustering based on p value was carried out.
comparison to the transiently demethylated regions, there was

a greater proportion of the stably demethylated regions that

either overlapped (10%) or were within 2 kb (25%) or 5 kb

(38%) of a region with increased H3K27ac in effector T cells

(Figure 5). This trend was similarly observed in memory T cells,

albeit at lower percentages (Figure 5). These overlapping regions

with stable demethylation in early hours of T cell activation and

effector and memory T cells were positioned near DEGs linked

to H3K27Ac+ regions (Figure S5B). Together, these data support

the notion that early H3K27me3 demethylation enables

increased chromatin accessibility, and this is further stabilized

by the binding of p300 and subsequent H3K27 acetylation.

Inhibition of H3K27 demethylations limits CD8+ effector
T cell differentiation
NaiveOT-I CD8+ T cells treatedwithGSK-J4, a small-molecule in-

hibitor, which binds to the catalytic pocket of KDM6B (Kruidenier

et al., 2012), were activated with the N4 peptide for 0, 1, 3, 5,

and 24 h (Figure 6A). GSK-J4 inhibition of KDM6B activity pre-

vented the removal of H3K27me3 and transcriptional upregulation

of Tbx21, Irf4, and Irf8, without affecting pre-existing H3K4me3

levels when compared to both mock-treated and OT-I T cells

treatedwith a non-functional analog (GSK-J5) (Figures 6Aand6B).

To determine whether GSK-J4 treatment of naive OT-I CD8+

T cells would impact virus-specific CD8+ T cell differentiation,

naive OT-I T cells were treated with the GSK-J4 inhibitor or

GSK-J5 analog for 4 h in vitro. An equal number of OT-I

T cells were then adoptively transferred into recipient B6 mice

infected 3 days prior to transfer with the A/HKx31-OVA virus

(Jenkins et al., 2006; Figure 6C). At 3 days after transfer, both

the proportion and absolute number of GSK-J4-treated OT-I

CD8+ T cells were reduced compared to those of the the

mock- or GSK-J5-treated OT-I CD8+ T cells (Figure 6C).

Although both mock- and J5-treated OT-I T cells had under-

gone extensive cell division (Figures 6D–6F), GSK-J4-treated

OT-I CD8+ T cells had undergone fewer divisions (Figure 6F).

Therefore, the inability to efficiently demethylate H3K27me3

early after CD8+ T cell activation resulted in a diminished ca-

pacity to fully engage the proliferative capability of virus-spe-

cific CD8+ T cells in response to infection.

Examination of functional characteristics of the responding

OT-I T cells demonstrated that early H3K27 methylation was

also required for upregulation of key TFs (T-BET and GATA3)

(Figures S6A and S6B), and interestingly, there was a lower pro-

portion of GSK-J4-treated OT-I T cells located within the drain-

ing lymph node producing IL-2, IFN-g, or TNF upon reactivation

thanmock-treated andGSK-J5-treated cells (Figures S6C–S6E).

This was also reflected in a diminished proportion of multifunc-

tional OT-I T cells isolated from the draining lymph node capable

of simultaneously producing all three cytokines (Figures S6F and

S6G). Hence, H3K27 demethylation, prior to initial cell division,
r support processes

peak was transformed (log2) and converted into a heatmap according to Russ

hat exhibited similar patterns of transient, stable, or delayed H3K27me3 loss.

ons exhibiting transient, stable, or delayed loss of H3K27me3 was carried out,
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Figure 5. Genomic regions that exhibit H3K27me3 loss are associ-

ated with gain of H3K27Ac

The proportion (%) of genomic regions identified to exhibit H3K27me3 de-

methylation that also overlapped (within 0 to 5 kb) to a region that exhibited

H3K27Ac gain within effector or memory OT-I CD8+ T cells (Russ et al., 2014) is

shown. A significantly higher proportion of regions with stable demethylation

overlapped or were within <5 kb to a H3K27Ac-enriched region in effector (*p <

2.2e�16) and memory (**p < 6.5e�5) OT-I CD8+ T cells than those with tran-

sient or delayed demethylation.
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appears to be a critical step for initiation of the autonomous

CD8+ T cell differentiation program induced by T cell activation.
H3K27me3 removal is required for establishing virus-
specific CD8+ T cell memory
Wenext determinedwhether CD8+ T cell memory T cell formation

was left intact after inhibition of KDM6B-dependent H3K27me3

demethylation prior to initial activation. The primary and second-

ary responses of adoptively transferred OT-I T cells treated with

either the GSK-J5 analog or the GSK-J4 drug were then assessed

after primary challenge (A/HKx31-OVA; day 10), memory (day 30),

or after secondary challenge (A/PR8-OVA; day 6) (Figure 7A). In

support of our earlier data, GSK-J4 treatment had a profound
Figure 4. Stable H3K27me3 removal at genomic regions targeted by T

(A) NaiveOT-I CD8+ T cells were activated as previously described above. Change

using qPCR and primers specific the Irf4, Tbx21, and Irf8 promoters. Data are sh

calculated using a one-tailed Student’s t test (*p < 0.05 **p < 0.01, ***p < 0.001).

(B) Genome-wide changes in chromatin accessibility was assessed by ATAC-seq

(%) of regions exhibiting distinct H3K27me3 demethylation dynamics that either

ATAC-seq peaks. A significantly higher percentage of regions with stable demeth

and 24 h than those with transient or delayed demethylation (***p < 2.2e-16).

(C) Prediction of transcription factor binding sites within H3K27me3 demethylated

et al., 2017). Shown is a t-distributed stochastic neighbor embedding (t-SNE)

demethylated regions at 3, 5, and 24 h after T cell activation compared to H3K27m

represent highly enriched TFBS; blue circles represent TFBS that are under-repre

in at least 15% of gene loci.

(D) Publicly available TF ChIP-seq data for TFs identified to have significantly en

mapped to regions exhibiting transient, stable, or delayed H3K27me3 demethyl

either H3K27me3 demethylation or H3K27me3 gain was determined. *, indicates

at 0 h (p < 0.01).

(E) The percentage of genomic regions exhibiting overlap in transcription factor b

Highlighted in red are publicly available TF ChIP-seq data derived from T cell popu

loci exhibiting significant binding to stable regions or transient regions are name
impact on the expansion of OT-I CD8+ T cells optimal during the

primary acute effector response. The diminished primary

response observed after GSK-J4 treatment of OT-I CD8+ T cells

was also reflected in the establishment of a lower memory OT-I

cell frequency in the spleen (Figure 7B). A comparison of OT-I

CD8+ T cell numbers in the lung tissue 30 days after primary infec-

tion demonstrated that GSK-J4 treatment prior to adoptive trans-

fer resulted in a significantly reduced frequency and number of

total memory OT-I CD8+ T cells (Figure 7C). Utilizing intravital in-

jection of anti-CD3 antibody to distinguish resident versus circu-

lating memory CTL, we determined that GSK-J4 treatment also

resulted in fewer tissue-resident CD69+CD103+ memory OT-Is

(Figure 7D). Thus, it appears that inhibition of H3K27me3 deme-

thylation impacted the formation of effector and memory CTL

populations.

To determine whether inhibiting H3K27me3 demethylation

also impacted the recall capacity of established memory OT-I,

we secondarily challenged primarily infected mice that had

received GSK-J4-, J5-, or mock-treated OT-Is with a serologi-

cally distinct A/PR8 strain of IAV-OVA (Figures 7B and 7E). Mem-

ory OT-I T cells established after transfer and primary activation

of GSK-J4-treated OT-Is failed to expand upon secondary infec-

tion. This was evident in the spleen (Figure 7B), the bronchoal-

veolar lavage fluid (BAL), and mediastinal lymph node (mLN)

(Figure 7E). Together, these data suggest that a failure to remove

H3K27me3 early after activation impacts not only initial T cell

expansion but also programming of memory recall potential.

This was likely not due to a difference in starting memory T cell

number, as the fold expansion in GSK-J4-treated mice was

significantly diminished compared to that of the GSK-J5 con-

trols. This finding indicates an intrinsic defect in recall capacity.

To further consolidate our finding that KDM6B plays a role in

programming optimal CD8+ T cell memory, we used transgenic

mice that constitutively express a Kdm6b-specific shRNA, for

constitutive knockdown of Kdm6b (Prier et al., 2019a). The

mice express Kdm6b mRNA as part of a GFP reporter for which

the levels of GFP are indicative of shRNA levels (Prier et al.,

2019a). Expression of the Kdm6b shRNA knocked down

Kdm6b transcription by ~50% in naive CD8+ T cells compared

to the luciferase shRNA control (Figure S6H). We observed that
-cell-specific TFs

s in chromatin accessibility was assessed by FAIRE-qPCR andH3 histoneChIP

own as mean ± SEM from 3 independent repeats with statistical significance

on naive OT-I CD8+ T cells or activated for 3 and 24 h. Shown is the proportion

directly overlapped or were positioned within 2 to 5 kb to the center of called

ylation overlapped or were within <5kb of a chromatin accessible region at 3 h

regions was carried out using the CiiiDER algorithm (Gearing et al., 2019; Russ

plot displaying transcription factor motif enrichment (log2) within H3K27me3

e3methylated regions common to all time points (0, 3, 5, and 24 h). Red circles

sented. Open circles represent significantly enriched TF motifs that are present

riched TFBS (Figure 4C) were downloaded from GEO datasets. The data were

ation, and the percentage (%) of regions exhibiting overlap of TF binding with

significantly greater binding percentages than all H3K27me3-enriched regions

inding in either stable or transient H3K27me3 demethylation were compared.

lations, and TF binding data from other cell types are represented in gray. Gene

d.

Cell Reports 34, 108839, March 16, 2021 9



(legend on next page)

10 Cell Reports 34, 108839, March 16, 2021

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
gene that exhibited transcriptional knockdown (at least 30%)

significantly overlapped with gene loci/regulatory elements that

exhibited H3K27me3 demethylation within the first 24 h after

T cell activation (Figure 7F). These data provide further evidence

that KDM6B-dependent H3K27 demethylation is a key step in

transcriptional activation of target gene loci early after activation.

Kdm6b shRNAmice were infected with A/HKx31 and memory

DbNP366 and DbPA224-specific CD8+ T cell responses analyzed

in the spleen 30 days after infection. Kdm6b knockdown in GFPhi

CD8+ T cells resulted in a diminished number of IAV-specific

memory CD8+ T cells compared to the luciferase shRNA knock-

down controls (Figure 7G). This diminished response was re-

flected in lower proportion of both effector (TEM) and central

(TCM) memory subsets. Altogether, both of these experimental

models demonstrate that inhibition of KDM6B, and subsequent

H3K27me3 demethylation during early T cell activation, is critical

for facilitating not only mature primary virus-specific CD8+ T cell

expansion but also formation of functional virus-specificmemory

CD8+ T cells.

DISCUSSION

Our study provides molecular evidence that initial T cell activa-

tion results in rapid KDM6B-dependent removal of H3K27me3,

enabling engagement of transcriptional pathways required for

preparing T cells for subsequent proliferation and differentiation.

KDM6B-dependent removal of H3K27me3 enables increased

chromatin accessibility and the staged exposure of specific

TFBSs within gene regulatory elements. This is associated with

subsequent histone acetylation and stable transmission of tran-

scriptionally permissive chromatin structures into effector and

memory CTL populations. Hence, within the first 24 h and prior

to first cell division, remodeling of the chromatin landscape pro-

vides a platform enabling binding of T-cell-specific TFs. This in-

formation provides a molecular basis for engagement of the

CD8+ T cell proliferation and differentiation program induced

by T cell activation. Inhibiting appropriate chromatin remodeling

early after T cell activation negatively impacts subsequent

optimal differentiation of virus-specific CTL and establishment

of virus-specific CD8+ T cell memory.

In this study, we demonstrated that TCR engagement specif-

ically upregulated Kdm6b transcription, and not Kdm6a,which is

another H3K27me3 demethylase. This differential H3K27me3
Figure 6. KDM6B inhibition prior to first cell division impairs CD8+ T ce
(A) Sort purified OT-I naive CD44int/lo CD62Lhi CD8+ T cells were either left untrea

presence of IL-2 before activating with the N4 peptide for 0, 1, 3, 5, and 24 h. Cells

the promoters of Tbx21, Irf4, and Irf8. Data are representative of 2 independent

(B) The same samples were also used to assess transcriptional regulation of Tb

pendent repeats. Statistical significance was calculated using 2-way ANOVA (J4

(C) In vivo analysis of KDM6B inhibition on IAV-specific CD8+ T cell responses. C

GSK-J4 for 4 h prior to adoptive transfer into C57BL/6 recipients, which were pre

The proportion and number of CD45.1+/CD8+OT-I T cells detected in the spleen (S

were assessed by flow cytometry.

(D) The percentage and number of OT-I CD45.1+/CD8+ T cells undergoing a diffe

(E) Representative fluorescence-activated cell sorting (FACS) plot comparing the f

(F) The average number of cell divisions of CD45.1+ OT-I CD8+ T cells was compar

mice/group and are representative of 2 independent repeats. Statistical significan

0.001).
demethylase upregulation after TCR activation potentially ex-

plains the observation that virus-specific effector and memory

CD8+ T cell generation is normal in Kdm6a knockout mice

(Cook et al., 2015; Yamada et al., 2019). Interestingly, T-cell-spe-

cific Kdm6a deficiency did restrict lymphocytic choriomeningitis

virus (LCMV)-specific T follicular CD4+ T cell responses, leading

to increased susceptibility (Cook et al., 2015). This may point to

distinct roles for KDM6A and KDM6B in CD4+ and CD8+ T cell re-

sponses, respectively.

Concurrent with KDM6B upregulation, we saw upregulation of

the PRC2 H3K27me3 methyltransferase subunits Ezh2 and

Suz12. This finding raises an interesting question about how

recently activated CD8+ T cells initiate appropriate gene tran-

scription when there is active competition between enzymes

that write or erase H3K27me3. Our comprehensive profiling of

H3K27me3 deposition in early-activated and ex-vivo-differenti-

ated effector and memory T cells showed that regions that

exhibited either delayed or stably maintained H3K27me3 deme-

thylation were associated with an initial permissive chromatin

state that was consolidated by H3K27Ac+ enrichment and chro-

matin accessibility. Importantly, these regions exhibited signifi-

cant overlap with publicly available ChIP-seq data identifying

regions in activated T cells bound by the histone acetyltransfer-

ase P300. In contrast, regions that showed transient H3K27me3

demethylation overlapped with regions that were targets for the

PRC2 subunit SUZ12. It is tempting to speculate that a rapid

transition frommethylation to acetylation at H3K27 acts as amo-

lecular switch that ensures activation of stable gene transcription

required for optimal T cell differentiation and proliferation. This

then protects activated gene loci from the activity of opposing

chromatin modifiers, ensuring stability of the differentiation

state.

An analysis of genomic regions that lost H3K27me3 and

became more accessible over the time course demonstrated

staged exposure of specific TFBS before initial cell division.

BATF/JUN binding sites emerged first, followed by STAT/IRF/

NFAT/nuclear factor kB (NF-kB) sites and finally TBX/RUNX sites

at 24 h after activation. The initial unmasking of regions contain-

ing BATF/JUN family binding sites fits with earlier observations

that BATF acts as an important factor for the initiation of CD8+

T cell activation (Godec et al., 2015; Kurachi et al., 2014). Impor-

tantly, studies to date narrowed the timing of BATF activity to

somewhere within the first 3 days after CD8+ T cell activation
ll expansion in response to activation
ted (mock) or treated with 10 mM of the J5 control and J4 inhibitor for 2 h in the

were then processed for ChIP-qPCR analysis for H3K27me3 and H3K4me3 at

repeats.

x21, Irf4, Irf8, and Tnf using qPCR. Data shown are mean ± SEM from 3 inde-

versus mock and/or J5 control; *p < 0.05 **p < 0.01, ***p < 0.001).

TV-labeled OT-I CD8+ T cells were untreated (mock) or treated with GSK-J5 or

viously infected 3 days before with 104 plaque-forming unit (PFU) of X31-OVA.

PN), mediastinal lymph node (mLN), and the bronchoalveolar lavage (BAL) fluid

rent number of cell divisions were assessed.

requency of dividing OT-I CD45.1+/CD8+ T cells with mock, J5, or J4 treatment.

ed betweenmock, J5, and J4 conditions. Data shown aremean ±SEMwith 4–5

ce was calculated using a two-tailed Student’s t test (*p < 0.05 **p < 0.01, ***p <
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(Godec et al., 2015). Our data demonstrate that BATF activity is

likely required in the very initial stages of T cell activation, and

when paired with its binding partners (such as IRF4), it could

potentially act as a pioneering factor helping remodel the chro-

matin landscape within hours of activation. Whether KDM6B

recruitment is dependent on BATF or if H3K27me3 removal at

target gene loci precedes BATF binding to initiate T cell activa-

tion will be of interest to examine in the future.

KDM6B-dependent removal of H3K27me3 was evident at the

Tbx21 locus as early as 3 h and stable up to 24 h after activation.

This finding correlated with rapid upregulation of Tbx21 tran-

scription prior to cell division. T-BET upregulation was prior to

the emergence of TBX21 binding sites within H3K27 demethy-

lated regions found at 24 h after activation. We have recently

shown that T-BET deficiency results in early dysregulation of vi-

rus-specific CD8+ T cell differentiation that results in an inability

to expand (Prier et al., 2019b). This was associated with

decreased H3 acetylation at a T-BET target transcriptional

enhancer within the Ifng locus. It has been previously demon-

strated that T-BET can physically interact with and recruit

H3K27 demethylases to the Ifng regulatory elements in CD4+

TH1 cells (Miller et al., 2008, 2010). Hence, we hypothesize that

T-BET works downstream of pioneering factors, such as

BATF/IRF4/RUNX3, by targeting CD8+-T-cell-specific gene loci

to further modulate chromatin remodeling. These results are

reminiscent of a mechanism observed in stem cell differentiation

in which early H3K27me3 removal, after receipt of differentiation

signals, enables binding of lineage-specifying TFs to newly re-

modeled chromatin structures and commitment to a differenti-

ated cell fate (Agger et al., 2007). Further analysis such as

KDM6Bimmunoprecipitation to examine binding partners is

something that could be explored in the future.

Inhibition of KDM6B activity prior to T cell activation had a pro-

found impact on subsequent virus-specific CD8+ T cell prolifer-

ation and the capacity to establish an effector memory T cell

pool. Naive CD8+ OT-I T cell treatment with the KDM6B inhibitor

prior to adoptive transfer severely impacted the proliferative ca-

pacity of OT-I T cells responding to IAV infection. Despite the

drug likely being diluted upon subsequent cell division, GSK-

J4-treated OT-I CD8+ T cells exhibited delayed division kinetics
Figure 7. Antigen-specific memory formation requires H3K27me3 rem

(A) OT-I CD8+ T cells either mock treated or treatedwith GSK-J5 or GSK-J4 for 4 h

X31-OVA 1 day before (1� response). Mice were rested for 30 days before re-ch

(B) The proportion and number of CD45.1+CD8+ OT-I T cells were enumerated

secondary challenge with PR8-OVA. These values were compared between the m

and are representative of 2 independent repeats.

(C) The proportion and the number of memory CD45.1+CD8+ OT-I T cells were e

(D) Representative FACS plot of CD45.1+CD8+ resident memory T cells (CD69hiCD

mock, GSK-J5, or GSK-J4 treatment. The proportion and number of mock-, GSK

are mean ± SEM with 4–5 mice/group and are representative of 2 independent r

(E) The proportion and number of mock-, GSK-J5-, or GSK-J4-treated memory C

were challenged with PR8-OVA. Data shown are mean ± SEM with 4–5 mice/gro

(F) The number of IAV-specific (DbPA224 and DbNP366) CD8
+ T cells quantified in th

post infection (d.p.i.) with 104 PFU X31. The number of IAV-specific CD8+ T cells w

and Kdm6b-shRNA-expressing mouse strains. The number of IAV-specific TEM a

expressing mouse strains.

(G) RNA-seq analysis of non-stimulated and anti-CD3/28-stimulated CD8+ T cel

dependent genes with transient, stable, and delayed H3K27me3 demethylation.

shown here were calculated using a two-tailed Student’s t test (*p < 0.05 **p < 0
and failed to fully expand to levels observed in control-treated

cells. This result suggests that early H3K27me3 removal is of

critical importance for subsequent clonal expansion and differ-

entiation. Concomitant with diminished proliferation in the lymph

node, we observed that GSK-J4 OT-I CD8+ T cells exhibited

lower levels of T-BET expression and a lower proportion ex-

pressing multiple cytokines. These data further support the

idea that molecular re-programming in the lymph node during

the early stages of T cell activation is a key step for optimal

effector T cell differentiation.

Deposition of H3K27me3 at key pro-memory genes has been

reported to be important for the formation of optimal effector vi-

rus-specific T cell responses (Gray et al., 2017; Kakaradov

et al., 2017). Limiting T cell proliferation has also been observed

to promote the formation of memory CD8+ T cell populations

(Badovinac et al., 2004, 2005; Zehn et al., 2009). Hence, it

was possible that inhibition of H3K27me3 removal would help

promote memory formation. GSK-J4-treated OT-I CD8+

T cells exhibited an intrinsic failure to expand upon secondary

IAV challenge. In particular, we observed profound defects in

the formation of lung-resident CD8+ memory OT-Is (TRM).

Hence, KDM6B-dependent H3K27me3 demethylation during

the early stages of a primary T cell response impacts efficient

programming of both effector and memory CD8+ T cell fates.

The inability of GSK-J4-treated OT-I memory CD8+ T cells to

be recalled might reflect inappropriate installation of memory-

associated H3K27me3 patterns. It would be of interest in the

future to examine whether this memory dysfunction is associ-

ated with altered H3K27me3 patterns at memory-related

gene loci. These data also suggest that commitment to effector

andmemory T cell fates are independent processes. This might

reflect the role of distinct TFs. For example, we observed

sequential unmasking of specific TF motifs for EOMES and

RUNX3 TFs that have been shown to alter CD8+ T cell differen-

tial potential for the formation of distinct memory T cell subsets

(Mackay et al., 2015; Miller et al., 2008; Milner et al., 2017;

Wang et al., 2018). By regulating the accessibility of these

T cell lineage TF motifs during early hours of T cell activation,

H3K27me3 demethylation therefore regulates the timely

commitment to both effector and memory T cell fates.
oval during early CD8+ T cell activation

prior were adoptively transferred into C57BL/6 recipients infectedwith 104 PFU

allenge with 104 PFU PR8-OVA (2� response).
in the spleen of mice on day 10 and 30 post-transfer and again 6-days post-

ock, J5, and J4 treatment. Data shown are mean ± SEM with 4–5 mice/group

numerated in the lungs of mice 30-days post-primary infection with X31-OVA.

103hi) identified in the lungs mice that received CD8+ OT-I T cells that received

-J5-, or GSK-J4-treated CD45.1+CD8+ Trm cells were compared. Data shown

epeats.

D45.1+CD8+ OT-I T cells were enumerated in the BAL and mLN from mice that

up and are representative of 2 independent repeats.

e spleen in VAV-tTA Lc1309 (control) and VAV-tTAKdm6b shRNAmice 30 days

ere compared between GFP (shRNA) high versus low cells between the control

nd TCM CD8+ T cells were compared between the control and Kdm6b-shRNA-

ls from Kdm6b and Lc1309 shRNA mice. Z scores are displayed for KDM6B-

Data shown are mean ± SEM with 4–5 mice/group. All statistical significance

.01, ***p < 0.001).
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Antibodies

anti-CD103 (2E7) Biolegend Cat# 121414; RRID:AB_1227502

anti-CD45.1 (A20) BD Biosciences Cat# 553776; RRID:AB_395044

anti-CD45.2 (104) ebioscience Cat# 17-0454-82;

anti-CD8 (53-6.7) BD Biosciences Cat# 563786; RRID:AB_469400

anti-CD44 (IM7) ebioscience Cat# 25-0441-82; RRID:AB_469623

anti-CD62L (MEL-14) BD Biosciences Cat# 104433; RRID:AB_394665

anti-IFNg (XMG1.2) BD Biosciences Cat# 554411; RRID:AB_395375

anti-IL2 (JES6-5H4) Biolegend Cat# 503808; RRID:AB_315302

anti-TNF (MP6-XT22) Biolegend Cat# 506308; RRID:AB_315429

anti-Va2 (B20.1) BD Biosciences Cat# 553288; RRID:AB_394759

anti-T-bet (eBio4B10) ebioscience Cat# 12-5825-82; RRID:AB_925761

anti-Gata3 (TWAJ) ebioscience Cat# 50-9966-42; RRID:AB_10596663

anti-B220 (RA3-6B2) BD Biosciences Cat# 553088; RRID:AB_394618

anti-F4/80 (BM8) ebioscience Cat# 11-4801-82; RRID:AB_2637191

anti-CD4 (GK1.5) BD Biosciences Cat# 553729; RRID:AB_395013

Bacterial and virus strains

A/HKx31-OVA Influenza virus Doherty Lab https://doi.org/10.4049/jimmunol.177.5.2917;

Jenkins et al., 2006

A/PR8-OVA Influenza virus Doherty Lab https://doi.org/10.4049/jimmunol.177.5.2917;

Jenkins et al., 2006

A/HKx31 Doherty Lab N/A

Chemicals, peptides, and recombinant proteins

GSK-J4 N/A

GSK-J5 N/A

recombinant human IL-2 N/A

Ovalubumin 257-264 peptide (SIINFEKL) AusPep N/A

Influenza A nucleoprotein NP366-374

peptide (ASNENMETM)

AusPep N/A

Influenza A acid polymerase peptide

PA224-233 peptide (SSLENFRAYV)

AusPep N/A

Critical commercial assays

Fixation/Permeabilisation Solution Kit BD Biosciences Cat# 555028

FoxP3 Transcription Factor Staining Buffer Set eBioscience Cat# 00-5523-00

CellTrace Violet Cell Proliferation Kit Life Technologies Cat# C34557

NEBNext CHIP-seq Library Prep

Master Mix Set for Illumina

New England BioLabs Cat# NEB #E6240L,

Deposited data

RNA-seq data: Activated OT-I T cell

time course 0, 5 and 24 hr

This paper Accession #: GSE166486. https://www.

ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE166486

H3K27me3 ChIP seq data from in vitro

activated OT-I T cells, 0, 5 and 24 hr.

This paper Accession #: GSE166486. https://www.

ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE166486
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ATAC-seq data Naive, or activated OT-I T cells

at 3 and 24 hours after activation.

This paper Accession #: GSE166486. https://www.ncbi.

nlm.nih.gov/geo/query/acc.

cgi?acc=GSE166486

RNA-seq data activated OT-I T cells

5h ± GSK-J4 KDM6B inhibitor

This paper Accession #: GSE166486. https://www.

ncbi.nlm.nih.gov/geo/query/acc.

cgi?acc=GSE166486

RNA-seq and ChIP-seq data: naive

effector memory CD8+ OTI T cells

Russ et al., 2014 Accession #: SRA: SRP049743; https://www.

ncbi.nlm.nih.gov/sra/?term=SRP049743

Experimental models: organisms/strains

OT-I Transgenic mouse strain RRID:IMSR_JAX:003831

C57BL/6J RRID:IMSR_JAX:000664

Vav-Tta K6B shRNA DOI:, (Prier et al., 2019a), generated in house

Vav-Tta Lc1309 shRNA DOI:, (Prier et al., 2019a), generated in house

Oligonucleotides

Irf4_Promoter_F_CTGTAGTCGGGCAGAAGGAG Integrated DNA Technologies N/A

Irf4_Promoter_R_GGTCCGCTATCTCAGCATTC Integrated DNA Technologies N/A

Irf8_Promoter_F_AGAGGCTCTCCAAACCTGAAC Integrated DNA Technologies N/A

Irf8_Promoter_R_TCCGAGAAATCACTTTTGCAC Integrated DNA Technologies N/A

Tnf_Promoter_F_GTAGGGCCACTACCGCTTC Integrated DNA Technologies N/A

Tnf_Promoter_R_AGACGGCCGCCTTTATAGC Integrated DNA Technologies N/A

Tbx21_Promoter_F_GAATTCGCGCTGTATTAGCC Integrated DNA Technologies N/A

Tbx21_Promoter_R_GCCTTTGCTGTGGCTTTATG Integrated DNA Technologies N/A

Irf4_Taqman gene expression probe Life Technologies Assay ID: Mm00516431_m1

Irf8_Taqman gene expression probe Life Technologies Assay ID: Mm00492567_m1

Tnf_Taqman gene expression probe Life Technologies Assay ID: Mm00443258_m1

Tbx21_Taqman gene expression probe Life Technologies Assay ID: Mm00450960_m1

Kdm1b_Taqman gene expression probe Life Technologies Assay ID: Mm00552098_m1

Kdm3b_Taqman gene expression probe Life Technologies Assay ID: Mm00804683_m1

Kdm5b_Taqman gene expression probe Life Technologies Assay ID: Mm03053411_s1

Kdm6b_Taqman gene expression Life Technologies Assay ID: Mm01332680_m1

Kdm6a_Taqman gene expression Life Technologies Assay ID: Mm00801998_m1

L32_Taqman gene expression Life Technologies Assay ID: Mm00777741_sH

Software and algorithms

Homer http://homer.

ucsd.edu/homer/

RRDI:SCR_010881

Cistrome http://cistrome.org/ RRDI:SCR_005396

Bedtools https://bedtools.

readthedocs.io/en/latest/

RRDI:SCR_006646

Metascape RRDI:SCR_016620

ggplot2 https://cran.r-project.

org/web/packages/

ggplot2/index.html

RRDI:SCR_014601

Macs2 RRDI:SCR_013291

R https://cran.r-project.org/ RRDI:SCR_001905

Deeptools RRDI:SCR_016366

DAVID https://david.ncifcrf.gov/ RRDI:SCR_001881

Ensembl RRDI:SCR_002344

Biomart RRDI:SCR_010714

FlowJo vs9 and 10 FlowJo RRID:SCR_008520

Prism vs7 GraphPad RRID:SCR_005375
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the corresponding author,

Professor Stephen Turner (stephen.j.turner@monash.edu).

Materials availability
The shRNA transgenic mice forKdma6b knockdown (shKDM6b) have been previously described (Prier et al., 2019a). Thesemice and

appropriate controls are available contingent on signing of appropriate Material Transfer Agreements between Institutions. All other

materials are freely available.

Data and code availability
All genomic data (H3K27me3 ChIP-seq; RNA-seq) data has been deposited into the Gene

Expression Omnibus (GEO) database. Accession number is: GSE166486

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
For in vitro studies, male, C57BL/6-Tg(TcraTcrb)1100Mjb/J (also known as OT-I mice) of 6-8 weeks of age were utilized. These mice

contain transgenes encoding for T cell receptor chains (TRAV14 and TRBV12-1) specific for the H2-Kb binding ovalbumin peptide

(OVA257-264; SIINFEKL amino acid sequence). For adoptive transfer studies, female or male CD45.2+ OT-I CD8+ T cells were adop-

tively transferred into sex matched CD45.1 mice (B6.SJL-Ptprca Pepcb/BoyJ). For shRNA studies, male and female KDM6bshRNA

transgenic mice (C57BL/6J, 6-8 weeks) were utilized. KDM6bshRNA mice were crossed onto C57BL/6J mice that were transgenic

for the tetracycline transactivator protein, under the control of the CMV promoter (CMV-rtTA) to generate KDM6bshRNA x CMV-

rtTA mice. As controls, transgenic mice encoding the shRNA for luciferase (C57BL/6J-LucshRNA) were used for crosses onto

CMV-rtTA transgenic line. All micewere housed in specific-pathogen free conditions at theMonash Animal Research Platform. Hous-

ing and experimental procedures were approved by the Monash University Animal Ethics Committee.

Primary Cell Cultures
Naive OT-I CD8+CD44lo/int cells were purified from OT-I/Ly5.1 male mice (6-8 weeks) (> 99% purity). They were stimulated with 1 mM

OVA (N4) for 0, 1, 3, 5 and 24 hours at the presence of rhIL-2 (10U/mL) in complete RPMI supplemented with 10% heat-inactivated

fetal calf serum, 2mM L-glutamine, 1mMMEM sodium pyruvate, 100 mMMEM non-essential amino acids, 5mMHEPES, 55 mMmer-

captoethanol, 100U/mL penicillin and streptomycin. For demethylase inhibition, purified OT-I CD8+ T cells were pre-treated with

10 mM of the control inhibitor (J5) or the Kdm6b inhibitor (J4) for 2hrs in complete RPMI with rhIL-2 (10U/mL) before stimulation

with the N4 peptide for 0, 1, 3, 5 and 24 hours.

METHOD DETAILS

In Vivo Histone Demethylase Inhibition
Total lymph nodes were extracted from OT-I females (6-10 weeks). They were resuspended to generate a single cell suspension fol-

lowed by labeling with the CellTrace Violet Cell Proliferation kit. A total of 4x106 lymphocytes were used for either the mock treatment

or pretreatment with either the substrate specificity control (J5) or the H3K27me3 demethylase inhibitor (J4) in rhIL-2 (10U/mL) for

4hrs. A portion of these cells were used to stain with the Annexin V kit with PI and anti-CD44-PE-Cy7, CD62L-BV570, CD8-APC

and CD45.1-PE antibodies. A proportion of 3x105 naive (CD44int/loCD62Lhi) CD8+ cells were then intravenously injected into female

C57BL/6 mice (6-8 weeks) that had been infected with 104 pfu HKx31-OVA (Jenkins et al., 2006) for 3 days (early time point) or 104

naive (CD44int/loCD62Lhi) CD8+ cells were used for determining earlymemory formation at day 30 post-infection. At these time points,

the spleen (SPN), mediastinal lymph nodes (mLN) and bronchoalvelolar lavage (BAL) fluid or the lungs were extracted to prepare for

single cell suspension.

Flow Cytometry
Single cell suspension from spleen or lymph nodes were blocked with 2.4G2, anti-rat and anti-mouse serum on ice for 15mins before

they were centrifuged (1600rpm, 5mins). After discarding the supernatant, cells were stained with LIVE/DEADTM Fixable Aqua Dead

Cell Stain (Thermo Fischer Scientific) for 10 mins at room temperature. Cells were washed with MACS buffer (2mM EDTA, 2%BSA in

PBS) followed by re-suspension in antibody cocktail containing various mixtures of fluorochrome conjugated antibodies specific for

CD4, CD8, CD45.1, CD45.2, CD44, CD62L, Klrg1, CD127, CD69 and CD103. For cytokine staining, cells were permeabilised accord-

ing tomanufacturer’s instructions (BDBiosciences) followed by staining with anti-IL-2, TNF and IFN antibodies. For intranuclear tran-

scription factor staining, cells were permeabilised according tomanufacturer’s instructions (eBioscience). Stained cells were washed

twice with either permeabilization buffer and MACS buffer for cytometry analysis. Samples were acquired on then FACSCanto II or
Cell Reports 34, 108839, March 16, 2021 e3
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the Fortessa flow cytometers (BD Biosciences) coupled to the high through system (HTS). Post-acquisition data analyses were per-

formed using FlowJo software (Tree Star, Ashland, OR, USA). Mean fluorescence intensity (MFI) or the frequency (%) of staining was

determined for the population of interest.

Total RNA extraction
Total RNA was extracted using Trizol� from unstimulated or stimulated OT-I CD8+ T cells. For gene expression analysis, 100 mg

mRNA was converted to cDNA using the Omniscript kit (Invitrogen) according to manufacturer’s instructions. Relative gene expres-

sion changes were determined by quantitative real time-PCR using the CFX-Connect Real-Time System (Biorad) with Taqman �
Gene MGB primer/probes (Life Technologies).

RNA-sequencing
RNA samples (triplicates) were depleted of DNA and purified using the QIAGEN RNeasy MinElute kit. The bioanalyzer was used to

determine the integrity of the RNA before library preparation using the kit. RNA libraries were sequenced paired end (100bp) on the

Hiseq2000 instrument at the Australian Genome Research Facility, the Walter and Eliza Hall Institute of Medical Research, Mel-

bourne, Australia. Data quality was confirmed with fastqc software. Paired end RNA-seq data was mapped to mouse genome

mm10 using TopHat (with Bowtie2). Only concordant pairs with mapping quality greater than 10 were utilized. Reads were assigned

to annotated genes using Feature Counts from R subread Bioconductor R package. Genes which did not have at least 3 counts in

each sample in at least one group were excluded from the analysis. Differential Expression analysis was done using edgeR Bio-

conductor R package. Genes were considered DE if exhibited FDR < 0.05 and log2 FC > 1. Log averages of the triplicates for the

differential genes were clustered using Manhattan distance, complete linkage (R) and grouped using the z-score of the averaged

TMM normalized values (EdgeR) with K means (R).

Chromatin Immuno-precipitation (ChIP) and Formaldehyde-assisted Isolation of Regulatory Element (FAIRE) Assays
Cells crosslinked with 0.6% formaldehyde were sonicated and immune-precipitated with anti-H3K4me3 and H3K27me3 ChIP-grade

antibodies andProtein Amagnetic beads (Millipore). Total input and no-antibody control for each samplewas included for normalization

and specificity control purposes. Immuno-precipitated DNAwas purified and re-suspended in 0.1X TE buffer. For FAIRE-analysis, open

chromatin was extracted twice by adding an equal volume of phenol:chloroform:isoamyl (25:24:1) (Sigma) and precipitated as

described for ChIP assays. Resulting ChIP or FAIRE-DNA was compared using quantitative real time-PCR on the CFX-Connect

Real-Time System (Biorad) with Sybr-green master mix using primers spanning region of interest. Real-time PCR cycle threshold

(Ct) values were converted to copy number and background immunoprecipitation subtracted (no-antibody control).

ChIP-sequencing
ChIP-DNAwas prepared for sequencing using the NEBNext�CHIP-seq Library PrepMasterMix Set for Illumina (NEB #E6240L, New

England BioLabs Inc) according to manufacturer’s instructions. ChIP-DNA library was subjected to size selection with AMPure

beads. The quality of the ChIP-DNA library and the fragment size of approximately 275 bp were assessed on the Bioanalyzer using

the Agilent High Sensitivity DNA chip (Agilent Technologies, 5067-4626). ChIP libraries were sequenced paired end on the Hiseq2500

instrument at the Australian Genome Research Facility (AGRF). Differential ChIP-seq peaks were found by creating windows of

counts (bigwig files normalized per 10 million reads (HOMER)) for each treatment, finding the differences between windowed counts

(DeepTools) and then calling peaks in MACS2 (bdgpeakcall -c 3 -l 150 -g 300) (Zhang et al., 2008). Regions were intersected using

Bedtools and annotated using HOMER, CISTROME (Liu et al., 2011) (in conjunction with BedTools) and transcription start sites taken

from ENSEMBL. DAVID and Metascape (Zhou et al., 2019) were used to examine gene groups for enriched Gene Ontology terms.

ATAC-seq
ATAC-seq is adapted fromBuenrostro et al. (2015). A total of 50 000 cells were lysed with cold lysis buffer for nuclei extraction. Nuclei

were immediately resuspended in transposition reaction mix prepared from the Illumina Nextera DNA Sample Preparation Kit (FC-

121-1030) for 30 minutes at 37�C. Transposed DNA was extracted using the QIAGEN MinElute PCR Purification kit (Cat #. 28004).

Resulting DNA was subjected to 5 PCR cycles on the thermocycler using a PCR primer 1 (Ad1_noMX) and an indexed PCR primer 2.

An aliquot of each sample was used subsequently in a real-time quantitative PCR for 20 cycles to determine the number of cycles

required for library amplification. The amplified DNAwas purified using the QIAGENMinElute PCR Purification kit. Library quality was

assessed using the bioanalyzer (Agilent) to ensure that the DNA fragmentation ranges between 50-200bp and the Qubit to determine

the overall DNA concentration. ATAC-DNA was sequenced paired end on the Hiseq2500 instrument at the Australian Genome

Research Facility (AGRF).

Ciiider Analysis
CiiiDER analyisis was carried out according toGearing et al. (2019) and Russ et al. (2017). Briefly, peakswith a length greater than 400

were filtered out. Regions of equal size were defined from 200 bases upstream to 200 bases downstream of the middle of each peak

using the Mus_musculus.GRCm38.dna.primary assembly.fa genome. CiiiDER analysis was performed on these regions with JAS-

PAR_CORE_vertebrates_2016.txt transcription factor position frequency matrices and a deficit cut-off of 0.15.
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In Figure 1, RNaseq and gene expression data are shown as fold change (log2) or mean ± SEM from 3 independent repeats with sta-

tistical significance calculated using a one-tailed Student’s t test (*p < 0.05 **p < 0.01, ***p < 0.001) as indicated in the figure legend. In

Figures 2, 3, and 4, H3K27me3 ChIP-seq, CISTROME and their statistical analysis are detailed in the main text and figure legends.

Figures 5 and 6, flow cytometry data shown aremean ±SEMwith 4-5mice/group and are representative of 2-3 independent repeats.

Statistical significance calculated using a two-tailed Student’s t test (*p < 0.05 **p < 0.01, ***p < 0.001). Statistical tests used are

shown in each of the figure legends.
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