
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Lewis Zhichang Shi,
University of Alabama at Birmingham,
United States

REVIEWED BY

Wenhui Guo,
Stanford University, United States
Genevieve Mullins,
University of North Carolina at Chapel Hill,
United States

*CORRESPONDENCE

Yongguo Li
liyongguodoctor@163.com

Cheng Yang
chengyang@hospital.cqmu.edu.cn

†These authors share �rst authorship

RECEIVED 20 November 2025
REVISED 01 January 2026
ACCEPTED 07 January 2026
PUBLISHED 27 January 2026

CITATION

Hu Y, Du Y, Chen X, Li Y and Yang C (2026)
Transcriptional and epigenetic control of
human naïve CD8+ T cell activation.
Front. Immunol. 17:1749526.
doi: 10.3389/fimmu.2026.1749526

COPYRIGHT

© 2026 Hu, Du, Chen, Li and Yang. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research
PUBLISHED 27 January 2026
DOI 10.3389/fimmu.2026.1749526
Transcriptional and epigenetic
control of human naïve
CD8+ T cell activation
Yaqiu Hu†, Yuxia Du†, Xuenuo Chen†, Yongguo Li*
and Cheng Yang*

Chongqing Key Laboratory of Infectious Diseases and Parasitic Diseases, Department of Infectious
Diseases, The First Af�liated Hospital of Chongqing Medical University, Chongqing, China
Background: The differentiation of naïve CD8+ T cells into effector cells upon
activation is essential for eliminating intracellular pathogens and cancerous cells,
although the underlying epigenetic mechanisms remain incompletely characterized.
Methods: Peripheral blood mononuclear cells (PBMCs) were obtained from
healthy donors. naïve CD8+ T cells were puri�ed and activated with a-CD3/
CD28-conjugated microbeads for 0, 24, or 72 h in vitro. Flow cytometry was
used to assess cytokine production and activation markers at each time point.
Assay for transposase-accessible chromatin using sequencing (ATAC-seq) was
performed to identify differentially accessible chromatin regions (DARs). RNA
sequencing (RNA-seq) was performed to measure gene expression. Data from
ATAC-seq and RNA-seq were integrated to examine the relationship between
chromatin accessibility and gene expression. Enriched pathways for DARs and
differentially expressed genes (DEGs) were determined by KEGG pathway and
gene ontology (GO) enrichment analysis, and transcription factor (TF) binding
patterns around these genes were visualized by footprint analysis.
Results: Upon activation, naïve CD8+ T cells showed increased production of
IFN-g, TNF, and IL-2, and elevated expression of CD69 and CD95. Integrated
ATAC-seq and RNA-seq analysis identi�ed 568 and 541 dual-upregulated genes
(showing both increased chromatin accessibility and expression) at 24 and 72 h
post-activation, respectively. These early-response genes were enriched in
pathways including pyruvate metabolism and the DNA damage response.
Footprint analysis predicted the ETS and bZIP TF families as key regulators
driving this coordinated chromatin and transcriptional reprogramming.
Furthermore, distinct chromatin remodeling patterns were observed in gene
sets associated with memory, effector function, exhaustion, and metabolism,
revealing that accessibility changes did not always directly correlate with
transcriptional outcomes.
Conclusion: This study de�nes a core set of genes and TFs that critically regulate
the initial activation of human naïve CD8+ T cells. These results provide a
molecular roadmap for future efforts to engineer more potent and durable
CD8+ T cell responses for adoptive cell therapy.
KEYWORDS

naïve CD8+ T cell activation, epigenetic dynamics, functional differentiation,
metabolic reprogramming, transcriptional pro� les
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1 Introduction

Effector CD8+ T cells (TE) play a crucial role in eliminating
intracellular pathogens and tumor cells through multip
mechanisms including: 1) secretion of cytokines such as IFg,
TNF, and IL-2 (1); 2) release of effector molecules includ
perforins and granzymes (2, 3); and 3) FAS-FASL-mediate
interactions with target cells (4, 5). CD8+ TE cells are generate
from naïve T cells (TN) following optimal priming with TCR and
co-stimulatory signals (6), or from memory T cells (TM) upon
antigen re-encounter. While the generation of a large TE pool from
TN cells typically requires several days of clonal expansion, TM cells
can rapidly differentiate into TE cells with greater magnitude an
faster kinetics (7, 8). Consequently, the mechanisms underlying
rapid responsiveness of TM cells have been extensively investiga
(9, 10). In contrast, the early activation signatures of TN cells, which
are essential for primary infection clearance and the establish
of memory populations, remain less comprehensively underst

In eukaryotic cells, DNA accessibility for gene transcriptio
governed by chromatin structure. Epigenetic modi� cations—
including DNA methylation and histone post-translation
modi� cations (hPTMs)—play critical roles in regulating CD8+ T
cell differentiation and function (11, 12). For example, functiona
memory CD8+ T cells acquire elevated histone acetylation
effector gene loci such asIFNG, PRF1, andGZMB, enabling rapid
transcriptional reactivation upon re-stimulation (13, 14). Genome-
wide pro� ling of DNA methylation and hPTMs has furthe
delineated the epigenetic landscapes of effector (TE) and memory
(TM) cell identities (15, 16). Dynamic histone modi� cations, such a
loss of H3K27me3 and gain of H3K4me3, have also been link
transcriptional reprogrammingduring effector differentiation
(17, 18).

Since epigenetic states strongly in� uence chromatin
accessibility and thus transcription factor binding, t
development of ATAC-seq has transformed this� eld by enabling
genome-wide mapping of open chromatin regions (19). Indeed,
studies using ATAC-seq have con� rmed that naïve, effecto
memory, and exhausted T cell subsets possess distinct and
chromatin accessibility pro� les (15, 20). Notably, epigenetic
reprogramming that drives T cell differentiation begins rapi
after activation: in mouse models, observable changes oc
within days of antigen exposure (21), while single-cell analyse
reveal transcriptional heterogeneity as early as the� rst cell division,
supporting an early bifurcation model of differentiation (22). Multi-
omics studies in infection models have further identi� ed key
transcription factors that regulate T cell subset fate (23).

However, most of these insights derive from animal models20,
24) and often focus on later time points. Although recent atla
have begun to map chromatin landscapes in human immune
(25), a systematic and dynamic analysis of the earliest stag
human naïve CD8+ T cell activation—particularly the interplay
between chromatin remodeling and transcriptional output wit
hours post-stimulation—remains lacking.

To address this critical gap, we performed an integrated AT
seq and RNA-seq analysis to dynamically pro� le the chromatin
Frontiers in Immunology 02
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accessibility and transcriptional landscapes of human naïve CD+ T
cells during earlyin vitro activation (24 and 72 h). Our stud
captures the dynamic changes in gene expression and chro
accessibility within this critical initial window. Moreover, w
identi� ed enriched TF binding motifs associated with ea
activation, providing mechanistic insights into the initiati
events of T cell activation. Collectively, our work unveils the e
epigenetic and transcriptional events in human naïve CD8+ T cell
activation, offering a novel and fundamental resource
understanding T cell biology and informing the rational design
T-cell-based therapies.
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2 Materials and methods

2.1 Isolation and activation of human naïve
CD8+ T cells in vitro

PBMCs were isolated from healthy donors using Ficoll-Paq™

PREMIUM density gradient centrifugation (Cytiva, Cat. #17544
(26, 27). naïve CD8+ T cells were then enriched through negat
selection using EasySep™ Human Naïve CD8+ T Cell Isolation Kit
(STEMCELL, Cat. #19258) according to the manufactu’s
protocol, achieving a purity of 90–95% as routinely veri� ed. The
enriched naïve CD8+ T cells were resuspended in RPMI-16
medium with 10% FBS and seeded in a 96-well plate at a de
of 2×106 cells/mL. The cells were immediately stimulated w
Dynabeads™ Human T- Activator CD3/CD28 (Gibco, Ca
#11131D) at a cell to bead ratio of 1:1 for 0, 24, or 72 h. At
speci� ed time point, cells were harvested for subsequent analy
� ow cytometry, RNA-seq, and ATAC-seq. This study was appr
by the Ethics Committee of the First Af� liated Hospital of
Chongqing Medical University (approved date: 2020-12
approval number: 2020-731). Informed consent was obtained
all volunteers, and all experiments were conducted in accord
with the Declaration of Helsinki. All procedures were performe
compliance with relevant laws and institutional guidelines.
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2.2 Flow cytometry

Protocols for antibody staining have been described previo
(28). Brie� y, cells were initially incubated with LIVE/DEAD™

Fixable Aqua Dye (Invitrogen, Cat. #L34989), then stained
the following antibodies against surface markers for 15 minut
4°C: anti-CD3-BV421 (BioLegend, clone UCTH1, Cat. #3004
anti-CD8-BV650 (BioLegend, clone RPA-T8, Cat. #301042),
CD45RA-PerCP-Cy5.5 (BioLegend, clone HI100, Cat. #304
anti-CD27-APC-Cy7 (BioLegend, clone O323, Cat. #302816),
CD69-APC (BioLegend, clone FN50, Cat. #310910), anti-CD
BV786 (BD Biosciences, clone Mik-b3, Cat. #743118), and ant
CD95-PE (BioLegend, clone DX2, Cat. #305608). For detecti
IFN-g, TNF, and IL-2 production by intracellular cytokine staini
(ICS), cells were stimulated as previously described. Six hours
to the end of stimulation, GolgiStop (BD Biosciences, Cat. #554
frontiersin.org
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was added at a 1:1000 dilution. After stimulation, cells were sta
with viability dye and surface antibodies as described above;� xed
and permeabilized using Cyto� x/Cytoperm solution (BD
Biosciences, Cat. #554714); and then stained with the follo
antibodies speci� c to cytokines: anti-IFN-g-APC (BioLegend
clone B27, Cat. #506510), anti-TNF-PE-CF594 (BioLegend,
MAb11, Cat. #502946), and anti-IL-2-AF700 (BioLegend, c
MQ1-17H12, Cat. #500320). After staining, cells were resuspe
in FACS buffer for acquisition using a FACS Fortessa� ow
cytometer (BD Biosciences). Data were analyzed using F
(v. 10.9.0) software (Treestar).
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2.3 RNA-seq

Total RNA was extracted using TRIzol (Invitrogen, C
#15596026CN). The quality of RNA was determined using Q
RNA Broad Range Assay Kit (Life Technologies, Cat. #Q10
cDNA library preparation and sequencing were performed
Wuhan Seqhealth Company (Wuhan, China) following stand
protocols. Procedures for RNA-seq data analysis have be
described previously (29). In brief, adapter and low-quality read
were� ltered using Trimmomatic (v. 0.36), followed by duplica
removal with UMI soft in-house (v. 1.0). Mapping of reads to
genome was conducted with STAR (v. 2.5.3a). Calculation of
expression was performed using featureCounts (v. 1.5.1) and e
(v. 3.12.1) software. DEGs were identi� ed using DESeq2 with th
following criteria: |log2 fold change| > 1 and adjustedP-value < 0.05
us
i

tio

A
r

a

w
T

en
fa
a
(v
th

e
wa
s

llular
tially
nted as
n=4)
ty,
oup
er
ee

ntly
es

etic

s in
ress
2.4 ATAC-seq

2.4.1 Transposition assay, library preparation and
sequencing

ATAC-seq sample preparation was performed as previo
described (19). Brie� y, 10,000–50,000 cells were resuspended
50 mL of cold lysis buffer, nuclei were pelleted by centrifuga
(500 g, 5 min, 4 °C), resuspended in 50mL of transposition reaction
mix, and incubated at 37 °C for 30 min. High-throughput DN
sequencing library preparation was carried out using TrueP
DNA Library Prep Kit (Vazyme, Cat. #TD501). The� nal library
products were ampli� ed, quanti� ed, and sequenced on an Illumin
Novaseq 6000 platform with a 150-bp paired-end con� guration.

2.4.2 Bioinformatic analysis
Low-quality reads were discarded and reads contaminated

adaptor sequences were trimmed using fastp (v. 0.23.1).
resulting clean reads were mapped to the human refer
genome GRCh38/hg38 using bowtie2 (v. 2.2.6) with de
parameters. The distribution of mapped reads, cover
uniformity, and strand speci� city was evaluated using RSeQC
2.6). The fragment size distribution was determined using
Collect Insert Size Metrics tool from Picard (v. 2.8.2). Th
enrichment signal around transcription start site (TSS)
visualized with DeepTools (v. 2.4.1). Genome-wide region
Frontiers in Immunology 03
ed
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open chromatin (peaks) were performed for each sam
individually using MACS2 (v. 2.1.1). The resulting peaks w
annotated, and their genomic distribution was analyzed u
BEDTools (v. 2.30.0).

To identify differentially accessible peaks (DAPs) betw
comparison groups, a consensus set of peaks was� rst created by
merging all identi� ed peaks across all samples. Read counts for
peak in the consensus set were quanti� ed for every sample
Differential analysis was performed using the csaw packag
1.24.3) within the edgeR framework in R. Peaks with an adjustP-
value (FDR) < 0.05 and an |log2 fold change| > 1 were de� ned as
statistically signi� cant DAPs.De novomotif discovery and
enrichment analysis within DAPs were performed using HOM
(v. 4.10).
t.
it
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2.5 GO and KEGG pathway enrichment
analysis, motif enrichment and footprint
identi�cation

Gene Ontology (GO) analysis and Kyoto Encyclopedia of G
and Genomes (KEGG) enrichment analysis for DEGs w
conducted using KOBAS software (v. 2.1.1), with aP-value cutoff
of 0.05 to determine statistically signi� cant enrichment. Microsof
Excel 2013 was used for data extraction, sorting, and cleaning,
statistical analyses were conducted using R (v. 4.2.2), Stata (v
and Joinpoint (v. 4.9.0.0).
ly
n
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2.6 Statistical analysis

Statistical analysis was performed on the levels of intrace
cytokine secretion, surface marker expression, and differen
expressed genes across the three time points. Data are prese
median with interquartile range. Due to the small sample size (
and the data failing the Shapiro-Wilk test for normali
nonparametric tests were employed for between-gr
comparisons. The Friedman test was� rst used to assess wheth
an overall statistically signi� cant difference existed among the thr
time points. If the Friedman test indicated a signi� cant overall
difference (P < 0.05), pairwise comparisons were subseque
conducted using Dunn’s multiple comparisons test. All analys
were performed using GraphPad Prism (v. 10.0).
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3 Results

3.1 Phenotypic, transcriptional, and
chromatin accessibility pro�les during
human naïve CD8+ T cell activation

Although previous studies have shown that the epigen
modi� cations landscapes are distinct among CD8+ T cell subsets
(30), it remains unclear whether epigenetic remodeling occur
naïve CD8+ T cells during the early stages of activation. To add
frontiersin.org
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this, we stimulated puri� ed naïve CD8+ T cells with anti-CD3/
CD28 up to 72 h, and compared the phenotypic, transcriptio
and epigenetic changes at 24 and 72 h post stimulation, comp
to non-stimulated cells (0 h) (Figure 1A). Phenotypically, naïv
CD8+ T cells exhibited a gradual increase in size following a
CD3/CD28 stimulation, with nearly all cells remaining viable a
72 h (Figure 1B). This stimulation also induced a robust effec
response. The percentages of cells secreting IFN-g, TNF, and IL-2
were signi� cantly elevated post-stimulation (Figure 1C).
Concurrently, the expression ofactivation markers, including
CD69 and CD95, was upregulated, alongside a moderate inc
in CD122 (Figure 1D).

Beyond these phenotypic changes, transcriptomic pro� ling
revealed a precise and stepwise reprogramming of the
expression landscape. Hierarchical clustering of different
expressed genes (DEGs) clearly delineated three distinct tem
patterns corresponding to the quiescent (0 h), early-activation
h), and effector-expansion (72 h) phases, indicating that T
activation follows a strictly regulated temporal program rather t
a gradual drift (Figure 1E). Importantly, this transcriptiona
divergence was mirrored by the chromatin accessibility lands
ATAC-seq analysis demonstrated a global reorganization o
epigenome, where genomic regulatory regions underw
synchronized opening or closing to support the spec� c
transcriptional demands of each activation stage (Figure 1F).
Collectively, these data demonstrate that the phenot
activation of naïve CD8+ T cells is driven by a robust an
synchronized orchestration of epigenetic and transcriptiona
remodeling, establishing distinct molecular states at early and
activation time points.
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3.2 Enriched biological processes of
differentially regulated genes in naïve CD8+

T cells following activation

To investigate the correlation between gene expression
chromatin accessibility, we performed an integrated analys
ATAC-seq and RNA-seq data. Compared to non-activated
(0 h), 568 genes exhibited increased chromatin accessibility
robust expression (dual-upregulated) in cells that were stimu
with anti-CD3/CD28 for 24 h, while 281 genes showed redu
accessibility and decreased expression levels (dual-downregu
Among these genes,MCM10, IGFBP2, IRF8, POLQ, RAD51, and
LDHA were the top ranked dual-upregulated genes, whereasS100B
andTSHZ2were remarkably downregulated. The number of du
upregulated and downregulated genes between 72 h and 0 h w
and 285, respectively. Notably, far fewer genes were differen
regulated between 72 h and 24 h (Figure 2A). Additionally, some
genes displayed reciprocal transcription and chromatin access
pro� les, suggesting that gene expression is not solely determin
chromatin accessibility.

Next, enriched biological functions of differentially regula
genes were predicted by GO analysis. We� rst focused on gene
Frontiers in Immunology 04
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showing consistent changes in transcription and chrom
accessibility. The results revealed that dual-upregulated gen
between 24 h and 0 h were enriched in apolipoprotein
binding, cellular response to DNA damage stimulus, and pyru
metabolic process (Figure 2B). Similarly, a signi� cant enrichment of
genes involved in pyruvate metabolism was observed by K
pathway analysis (Figure 2C). To identify potential key regulators
these signi� cantly enriched biological processes, we construct
protein-protein interaction (PPI) network. Within the DNA repa
pathway (highlighted in red),RAD51, TOPBP1, and MCM10
emerged as central hubs (Figure 2D). Consistent with this
MCM10 is known to play a critical role in initiating DNA
replication and preventing DNA damage, whileRAD51 is
essential for homologous strand exchange during homolo
recombination (31). Within the pyruvate metabolism modu
(highlighted in yellow),GART, LDHA, and MRPL39 were
identi� ed as key network nodes (Figure 2D). At 72 h, key TCR
downstream signaling components such asMAP2K2, along with
transcription factors includingEGR2, NR4A2, andBCL2, occupied
central positions in the PPI network.STAT3, a regulator of T cel
fate, was also prominent (Figure 2E). Together, these results sugg
that biological processes such as DNA repair and pyru
metabolism may play critical roles during early naïve CD8+ T cell
activation, while remodelingof TCR signaling pathways
associated with effector expansion.
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3.3 Identi�cation of master TFs and
visualization of their footprints

Chromatin accessibility is considered to provide the founda
for TF binding, which subsequently facilitates the initiation of g
transcription. Motifs, often recognized as TF binding sites, w
analyzed in the promoter regions of differentially regulated gen
identify critical TFs involved in naïve CD8+ T cell activation. The
top ten predicted TFs within top thirty DEGs between each pa
groups are shown inFigures 3A–C. The results revealed that DEG
between 24 h and 0 h were predominantly enriched with motifs
Fli1, ETS1, ETV4, ETV1, Elk1, and Elk4, all of which belong to
ETS family. Most target genes of these ETS family TFs were
enriched with motifs for Sp1 and TBP3. In contrast, Ronin
GFY-Staf shared few target genes with ETS family (Figure 3A). The
bZIP family TFs, including JunB, AP-1, Fos, Fra2, Atf3, BA
Fosl2, Fra1, and Jun-AP1, were predicted to be major regulat
DEGs at 72 h compared to 0 h and 24 h (Figures 3B, C). Notably,
many of these DEGs were also enriched with motifs for ETS fa
TFs (Figures 3B, C).

Next, the potential binding of TFs to different genomic regi
was visualized through footprint analysis. As expected, the
probable binding sites for all TFs overlapped with the predi
motif locations, and binding probability decreasing with dista
from the motif center (Figures 3D, E). Interestingly, footprint
signals for all predicted TFs in both the ETS (Figure 3D) and
bZIP families (Figure 3E) were markedly stronger at 24
frontiersin.org
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FIGURE 1

Phenotypic, transcriptional, and chromatin accessibility pro�les during naïve CD8+ T cell activation. (A) Experimental design and analysis work�ow.
(B) Flow cytometry analysis of naïve CD8+ T cell size and viability at indicated time points post-stimulation. (C) Intracellular cytokine staining
depicting IFN-g, TNF, and IL-2 production in naïve CD8+ T cells at 0, 24, and 72 h post-activation. (D) Expression of activation markers CD69,
CD122, and CD95 in naïve CD8+ T cells over time. Top, representative histograms; bottom, summary of geometric mean �uorescence intensity
(gMFI). (E) Heatmap of differentially expressed genes (DEGs), with hierarchical clustering identifying three distinct states: quiescent (0 h), early
activation (24 h), and effector expansion (72 h). (F) Heatmap of chromatin accessibility pro�les from ATAC-seq, demonstrating global remodeling
synchronized with the transcriptional changes shown in (E).
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FIGURE 2

Enriched biological processes of differentially regulated genes in naïve CD8+ T cells during activation. (A) Integrated ATAC-seq and RNA-seq analysis
showing upregulated genes in more accessible chromatin regions (“dual-upregulated” genes, orange) and downregulated genes in less accessible
regions (“dual-downregulated” genes, green). Thresholds: |log2(fold change)| > 1, P < 0.05. (B) GO enrichment analysis of dual-upregulated genes
(24 h vs. 0 h). (C) KEGG pathway enrichment analysis of dual-upregulated genes (24 h vs. 0 h). (D) Protein-protein interaction (PPI) network of dual-
upregulated genes (24 h vs. 0 h), displaying only interacting genes with functional clusters represented by distinct colors. (E) PPI network of dual-
upregulated genes (72 h vs. 0 h), with stress response-related genes highlighted in purple.
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