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T cell differentiation is a tightly regulated process. Recent studies have shown that epigenetics plays a significant role at

all stages of the differentiation process.  The different stages of T cell differentiation are introduced and recent findings on

the epigenetic regulation of this process will be discussed. The epigenetic modifications associated with T cell

differentiation related to cancer are discussed as well.
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1. Generation of Differentiated T Cells

Mature T cells originate in the thymus and after going through various developmental stages they exit the thymus to

circulate in the peripheral lymphoid organs including the spleen and lymph nodes . Originating in the bone marrow or fetal

liver, thymic seeding progenitor cells (TSPs) (also known as early thymic progenitor cells (ETPs) or DN1 cells (CD4  CD8

double negative; DN)) enter the thymus, where they progress through four DN stages (DN1-4) (Figure 1) . DN3 cells

expressing the pre-TCR (pre-T cell receptor) transit to the DP (CD4  CD8 , double positive; DP) stage (Figure 1) . In

the cortex, DP thymocytes undergo a process of positive and negative selection which is determined by TCR signaling in

response to binding to self-peptide-self-major histocompatibility complexes (self-pMHC) and then commit to either the

CD4  or CD8  SP (single positive; SP) lineage (Figure 1) . Immature SP thymocytes undergo further differentiation to

generate either MHC Class II restricted CD4 SP helper or MHC Class I restricted CD8 SP cytotoxic lineage cells .

Figure 1. Overview of T cell development and differentiation. Schematic representation of thymopoiesis in mice. Following

a series of DN (1–4) stages, DP cells develop into naïve CD4 , naïve CD8 , or natural killer T cells (NKT). Several

transcription factors regulate this process. Different T cells secrete various cytokines to exert their activity. Signature

transcription factors and cytokines designated to different cell types are shown. See the text for more details about each

type of cell and their function (T = exhausted T cells; T  = T effector memory T cells; T = T central memory T cells;

T  = effector T cells; Th= T helper T cells; Tfh= T follicular helper T cells; Treg= regulatory T cells).
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Other subsets of T cells generated in the thymus include regulatory T cells (Tregs) and natural killer T cells (NKT; Figure
1). Naïve human CD4  T cells, which are now considered to be a heterogeneous population, can be subcategorized

based on CD31 (also known as PECAM1) expression, into the youngest (recent thymus emigrant) naïve T cells (CD31 )

and more established “mature” naïve T cells (CD31 ) . After encountering antigen, naïve CD4  T cells differentiate into

CD4  effector T cells, which can take the form of well-defined subgroups that express distinct cytokine profiles: T helper 1

(Th-1), Th-2, Th-9, T follicular helper (Tfh) cells, and Th-17 cells (Figure 1) . These differentiated subgroups are not

necessarily definitive as some degree of plasticity can be observed, particularly if epigenetic control mechanisms are

dysregulated (discussed below). Tregs, which comprise a separate CD4 lineage, work to prevent autoimmune diseases

through suppressing the immune system’s responses to self-antigens . These cells express the master regulator

transcription factor (TFs) Foxp3. Tregs are subdivided based on their location and mode of generation, which includes

thymus-derived Tregs (tTregs), naturally occurring Tregs (nTregs), induced Tregs (iTregs), and peripherally induced Tregs

(pTregs) . CD8  T cells that encounter antigen differentiate into effector T cells (T  or Cytotoxic T cells;

CTLs) that produce cytokines and cytotoxic enzymes (perforin, granzyme B) that eliminate pathogens or target cells

(including pathogen-infected host cells and tumor cells) and can develop into memory T cells (Figure 1) . Memory T

cells (which are generated from activated CD4   and CD8   T cells) persevere following the generation of a primary

immune response and are able to mount an enhanced secondary response to the same antigen . Memory T cells can

be subdivided into effector memory T cells (T ) or central memory T cells (T ) based on different surface markers

(Figure 1) . Another type of T cell with limited effector functions is known as the exhausted T cell (T ). Both CD4  and

CD8  T cells can differentiate into T  cells when encountering chronic infections and cancer (Figure 1) .

2. Epigenetic Changes during T Cell Differentiation

Epigenetic modifications greatly influence the functional differentiation of T cell subsets, including lineage commitment to

short-lived effectors, long-term memory T cells, T regulatory cells, and other specific T cell populations. The following

sections focus on the cooperation between epigenetic changes and transcriptional programs related to different subsets of

T cell differentiation. Major epigenetic regulators associated with T cell differentiation are summarized in Table 1.

Table 1. Major epigenetic regulators associated with T cell differentiation.

Regulator Cell Types Modification/Function References

Dot1L Th-2, CD8 H3K79me2

Menin Th-2 Menin/TrxG complex promotes H3K4me3

Cxxc1 Th-1, Th-2, Th-17 Cxxc1/TrxG complex inhibits/promotes H3K4me3 in gene specific manner

ATF7ip Th-17 ATF7ip/SETDB1 complex promotes H3K9me3

Utx Th-17, iNKT Histone demethylase

Hdac3 CD4 , CD8 , iNKT Histone deacetylation

Tcf1/ Lef1 CD4 , CD8 Histone deacetylation

Gcn5 Th-1, Th-17, iNKT Histone acetylation

Rcor1 Treg Rcor1 is a part of CoREST complex which mediates histone deacetylation

Ezh2 CD8 , iNKT H3K27me3

Lsd1 CD8  CTLs H3K4 and H3K79 demethylase

Tox Exhausted CD8 Binds to epigenetic regulators to change gene expression

2.1. Epigenetic Control of CD4  T Cell Differentiation

Naïve T cells manifest a unique epigenetic landscape . One recent study in mice found that RTEs (recent thymic

emigrants) and more “mature” naïve T cells exhibit different DNA methylation patterns at key cytokine (Il2 and Il4) loci,

contributing to post- thymic naïve T cell maturation . However, additional studies are required to fully understand the

epigenetic mechanisms that regulate naïve T cell formation/maintenance and naïve T cell “maturation”. One report

showed that CD4  T helper (Th) cell differentiation is regulated by lysine methyltransferase (KMT) Dot1l-dependent di-

methylation of lysine 79 of histone H3 (H3K79me2), which is associated with lineage-specific gene expression . Loss of

Dot1l (mediated by Cd4-Cre, which becomes active in thymocytes at the DP stage) leads to increased expression of Th-1-
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specific genes and overproduction of IFN-γ at the expense of Th-2 cell development, suggesting a central role for Dot1l in

Th-2 cell lineage commitment and stability .Using Cd4-cre-driven conditional knockout (KO) mice, another recent report

showed a contribution of Menin, a major component of the Trithorax group (TrxG) complex, in the acquisition and

maintenance of Th-2 cell identity . The TrxG complex catalyzes the trimethylation of H3K4, resulting in induction or

maintenance of gene transcription . It has been shown that Menin is an extremely specific partner for mixed lineage

leukemia (MLL)1/2-containing H3K4 methyltransferase complexes  and that binding of the Menin/TrxG complex is

required for the maintenance of Gata3 expression and Th-2 cytokine production in established Th-2 cells both in mice and

humans . Previous reports have demonstrated that Gata3 is critical for commitment of DP thymocytes to the CD4

SP lineage as well as CD4 Th-2 lineage generation . To promote the differentiation of Th-2 cells, Gata3 directly binds

to the promoters of the Il3 and Il5 genes, which allows for Th-2 cytokines to be expressed . This research found that

Menin supports memory Th-2 (mTh-2) (a subset of Th-2 cells that produce large amounts of IL-4 and IL-13 in response to

antigenic re-stimulation) cell function and deletion of Menin results in a significant reduction in the number of mTh-2 cells

compared with WT mice . Mechanistically, they showed that Menin deficiency leads to a decrease in Gata3 expression

due to reduced levels of H3K9ac and H3K4me3 at the upstream regions of the Gata3 proximal promoter . Another

recent report showed that Cxxc1, which can also be a subunit of the Trithorax complex, regulates the generation of

functional Th-1/Th-2 cells since Cxxc1 epigenetically represses transcription of genes, including Trib3 and Klf2, that are

required for these differentiation processes via binding to their promoter regions . The authors showed that Cxxc1

depletion by tamoxifen inducible ER-Cre resulted in the hyperactivation of master transcription factors including T-bet in

Th-1 cells and Gata3 in Th-2 cells and hyperproduction of Th-1 and Th-2 cytokines. They also showed that Cxxc1

indirectly controls the expression of Gata3 through direct binding and regulation of Klf2, which negatively regulates Gata3

expression . By performing ChIP sequencing, they found that Cxxc1 directly binds to the Klf2 promoter region and that

depletion of Cxxc1 resulted in a decrease in H3K4me3 levels at the Klf2 promoter . These data suggest that although

part of the Trithorax complex, different components have distinct functions in the differentiation and regulation of CD4  Th-

1 and Th-2 cells. Interestingly, another study using dLck-Cre showed that T cell-specific ablation of Cxxc1 results in the

generation of severely defective Th-17 cells . Mechanistically, they found that depletion of Cxxc1 results in decreased

IL-6Rα expression since Cxxc1 maintains H3K4me3 modification at its promoter . Depletion of IL-6Rα disrupts IL-

6/STAT3 signaling, which is known to initiate Th-17 cell differentiation, resulting in the production of Treg cells instead of

Th-17 cells, suggesting that Cxxc1 keeps a balance between these two lineages . The contradiction between the

two reports, i.e., Th-1 and Th-2 production  vs. Th-17 cells  generation due to Cxxc1 ablation, might be due to the

Cre system (ER-Cre vs. dLck-Cre) that was used as the former targets mature T cells whereas the latter acts on immature

pre-selection thymocytes. Another study tested the effects of a new BET (bromodomain and extra-terminal) inhibitor,

OTX015, on CD4  Th-17 cells . BET proteins are epigenetic regulators that recognize and bind to acetylated histones

in chromatin and that regulate gene expression. The authors showed that OTX015 has anti-inflammatory effects via

suppression of CD4  T cell proliferation in both mice and humans and suppresses the production of Th-17 cytokines (IL-

17 in particular) in humans . These data suggest that BET plays an important role in CD4  Th-17 cell generation and

persistence. Another report identified ATF7ip (activating transcription factor 7 interacting protein, also known as MCAF1 or

mAM), an epigenetic regulator responsible for repressive H3K9me3 marks via its histone methyltransferase-binding

partners SETDB1/ESET , as a crucial regulator of Th-17 differentiation . Depletion of Atf7ip (Cd4-Cre) resulted in

impaired Th-17 differentiation and enhanced production of IL-2 in response to T cell receptor (TCR) stimulation . They

further showed that ATF7ip acts as an IL-2 inhibitor via suppression of Il2 gene expression through H3K9me3 deposition

in the Il2-Il21 intergenic region . Future studies will determine if ATF7ip inhibition could be useful for the treatment of

Th-17-mediated autoimmune diseases. Using a combined chemico-genetic approach, another recent study showed that

the histone H3K27 demethylases KDM6A (UTX) and KDM6B (JMJD3) function as central regulators of human Th subsets

. The authors utilized the pan-KDM6 inhibitor GSK-J4, which increases H3K27me3 decoration genome wide and

suppresses the expression of RORγt during Th-17 differentiation in human CD4  T cells . They showed that KDM6

inhibition in mature Th-17 cells leads to reduced mitochondrial biogenesis, resulting in metabolic reprogramming and

reduced expression of key metabolic TFs, such as PPRC1, which ultimately showed anti-inflammatory effects .

Another study also showed the importance of epigenetic control of metabolism in follicular helper T (Tfh) cell differentiation

. This report showed that the E3 ubiquitin ligase, Von Hippel–Lindau (VHL), was indispensable for Tfh cell development

and function . Using VHL conditional knockout mice (Cd4-Cre) and acute virus infection or antigen immunization, the

authors documented that VHL positively regulates Tfh cell development and function from the very initiation stages .

Mechanistically, they found that VHL acts through the HIF-1α (hypoxia-inducible factor 1α)-dependent glycolysis pathway

to promote the development of Tfh cells. VHL depletion leads to enhanced glycolytic activity via GAPDH, which reduces

ICOS expression, a critical molecule for Tfh development, through epigenetic regulation of N6-methyladenosine (m6A) in

Tfh cells . Thus, this research  points out the interplay between metabolism and epigenetic control on T cell

differentiation .
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Other than DNA demethylation or histone lysine methylation, histone acetylation/deacetylation also plays a major role in

CD4  cell fate determination . Using Cd4-cre-mediated Hdac3 conditional knockout in mice, one study showed that

compared to wild-type mice, the peripheral numbers of CD4  and CD8  T cells are significantly reduced as they enter the

long-lived naïve T cell pool, suggesting a block at the RTE (recent thymic emigrant) stage of T cell maturation . A

previous study showed that Cd4-Cre-mediated Hdac3 conditional knockout mice have normal development of

conventional T cells but exhibit a block in iNKT cell development . Here, the authors further showed that Hdac3-

deficient naïve peripheral T cells (both CD4  and CD8 ) have a defect in functional maturation, since these cells fail to

produce TNF upon TCR/CD28 stimulation, suggesting that Hdac3 is critical for functional T cell maturation .

Interestingly, another study showed that the transcription factors Tcf-1 (Tcf7) and Lef-1 have intrinsic HDAC activity and

are essential for repressing CD4  lineage-associated genes, including Cd4, Foxp3, and Rorc, in CD8  T cells via histone

deacetylation . Tcf1- and Lef1-deficient CD8  T cells have increased H3K27Ac and H3K9Ac marks due to the

diminished intrinsic HDAC activity of Tcf-1- and Lef-1 and Tcf-1- and Lef-1-deficient CD8  T cells lose the ability to

suppress CD4  lineage-specific genes . They also performed homology modeling to predict the Tcf-1 domain that

would match known HDACs. They found that the Tcf-1 HDAC domain is similar in structure to a region in the Hdac8

catalytic pocket . Solving the structure of Tcf-1 and Lef-1 will help understand the molecular basis of their HDAC

activity. One study using histone acetyltransferase Gcn5 (encoded by Kat2a) conditionally deleted mice (Lck-Cre)

revealed that Gcn5 plays pivotal roles in multiple stages of T cell development and differentiation . They found a

developmental block at the DN3 thymocyte stage upon loss of Gcn5 expression . The authors mainly focused on T cell

activation and differentiation; therefore, further studies are needed to address the mechanistic role of Gcn5 in β-selection

and T cell development. However, they showed that in vitro deletion of Kat2a by tamoxifen treatment of naïve CD4  T

cells (using ESR-Cre) resulted in a severe defect in CD4  T cell proliferation . Depletion of Gcn5 also resulted in

impaired IL-2 production and perturbed differentiation of Th-1/Th-17 cells but not Th-2 and Treg cell differentiation .

Mechanistically, they found that Gcn5 acetylates histone H3K9 to promote IL-2 production and suggested that Gcn5 may

be a target for the treatment of autoimmune diseases .

2.2. Epigenetic Regulation of CD8  T Cell Differentiation

CD8  T cells play a critical role in removing or killing intracellular pathogen-infected cells and tumor cells. A recent study

using bacterial infection as a model, characterized the epigenetic landscapes of naïve, effector, and memory CD8  T cells

and identified TFs that promote CD8  T cell differentiation . They found that the TF YY1 (yin and yang-1) promotes

adoption of an effector T cell phenotype while Nr3c1 (nuclear receptor subfamily 3 group C member 1; a glucocorticoid

receptor) promotes a memory-progenitor cell phenotype . Age plays an important role in determining the fate of naïve T

cells. One recent study showed CD8   T cells from older adults have significantly reduced accessibility to genes

responsible for maintaining cellular quiescence . The authors further showed that compared to young adults, older adult

CD8  T cells have reduced expression of the TFs YY1 and NRF1 (nuclear respiratory factor 1) due to less accessibility to

their chromatin binding sites .

The role of Ezh2, which is the catalytic subunit of the PRC2 complex that mediates di- and trimethylation of H3K27, is well

established for CD8  T cell differentiation and function and is reviewed elsewhere . A new study showed that Ezh2 is

required for differentiation of terminal effector CD8  T cells but not for memory CD8  T cell formation, although Ezh2-

deficient CD8  memory T cells are unable to clear infection, suggesting it is required for protective immunity . Further

study is needed to identify the underlying molecular mechanism behind this phenotype. As compared to the PRC2

complex, which creates repressive marks, Dot1l is associated with the positive regulation of gene transcription via mono-,

di-, and trimethylation of histone H3K79 . Using  Lck-Cre-mediated conditional  Dot1L  knockout mice, the authors

showed that loss of H3K79me2 in T cells leads to loss of naïve CD8  T cells due to premature differentiation toward a

memory-like state independent of antigen exposure . Mechanistically, they showed Ezh2 is a target of Dot1l and loss of

Dot1l affects Ezh2 function, leading to de-repression of a subset of PRC2 targets, which are actively repressed in control

mice. They also showed that Dot1l ablation leads to repression of developmentally regulated genes, but the exact

mechanism is yet to be determined . Another study showed that CD40 ligand (CD40l), which is a member of the TNF

superfamily proteins and helps in producing and maintaining cytotoxic T cells , is epigenetically suppressed in

CD8  cytotoxic T cells . The promoter region of the Cd40lg gene was modified by methylation of CpG dinucleotides and

suppressive histone lysine methylation marks. Mechanistically, they showed that enforced expression of the TF Thpok

(Zbtb7b) leads to increased CD40l expression in CD8  cytotoxic T cells via inhibition of Cxxc5, which interacts with the

histone-lysine N-methyltransferase SUV39H1 to induce H3K9 methylation .

One recent report demonstrated that conditional deletion of Hdac3  in CD8  T cells (using CD8 lineage-specific E8I-Cre)

leads to more cytotoxicity while total numbers of CD8  T cells were unaffected, suggesting that Hdac3 acts as a negative
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regulator for CD8   T cell cytotoxic activity . They also found that Hdac3 is required for activation of CD8   T cells

following an acute LCMV (lymphocytic choriomeningitis virus) infection . Mechanistically, they found that Hdac3

depletion leads to an increase in enrichment of H3K27ac decoration at the Runx3 and Gzmb (granzyme B) genomic loci,

which was essential for CD8   T cell cytotoxicity , whereas increased H3K27ac at  Prdm1  (Blimp-1), which is a

transcriptional repressor that enhances terminal differentiation of effector CD8   T cells during viral infection , was

necessary for T cell persistence during activation .

3. Epigenetic Modification and Cancer

Several studies have shown that aberrant epigenetic modifications of T cells are associated with different cancers. LSD1

demethylates H3K4 and H3K79 and its expression is upregulated in many cancers including T cell acute lymphoblastic

leukemia (T-ALL), breast, prostate, hepatocellular, and several others . LSD1 inhibitors are currently under clinical

trials for cancer treatment . Recently, one study showed that in the case of triple-negative breast cancer (TNBC),

administration of LSD1 inhibitor increases CD8  cytotoxic T cell trafficking towards tumor sites with increased chemokine

expression including CCL5, CXCL9, and CXCL10, which are known to recruit CD8  T cells to tumors (Table 1) .

They further showed that LSD1 inhibitor treatment increases the active histone mark, H3K4me2, in the promoter regions

of these chemokine genes, leading to more CD8  T cell recruitment and disease remission . Another study using a

mouse breast cancer model showed that inhibition of nuclear Lsd1 (nLsd1) promotes infiltration of IFN-γ/TNF-α-

expressing CD8  T cells into tumors . They also found, in dysfunctional “exhausted” CD8  T cells, that the transcription

factor Eomes and nLsd1 are co-expressed and that Lsd1 promotes T cell exhaustion by bivalent post-translational

modification at lysine 641 of Eomes to prevent its nuclear entry . Therefore, targeting nLSD1 may prevent T cell

exhaustion and yield better therapeutic potential against tumors. Similar anti-tumor effects were obtained from a mouse

melanoma study by using Lsd1 inhibitor or deleting Lsd1 (CRISPR/Cas9-mediated gene deletion) . They found that

Lsd1 ablation leads to activation of type 1 interferons (IFNs) and significant increases in both CD4  and CD8  T cells in

melanoma tumors . Mechanistically, they showed that ablation of Lsd1 leads to upregulation of ERV (endogenous

retroviral element) transcription, resulting in activation of type-1 IFNs . Taken together, these results clearly

demonstrate that LSD1 plays an important role in effector T cell function, but its role in normal T cell development and

differentiation is yet to be determined.

One report showed that treatment with the DNA hypomethylating agent (HMA), decitabine (DAC), leads to increased

CD8  T cell tumor infiltration and inhibits tumor growth via CD8  T cell-dependent activity in different mouse tumor models

. Using healthy human donors, the authors further showed that DAC treatment leads to T cell activation and expansion

of the granzyme B , perforin   effector subpopulation and also increased expression of NFATc1/A, both of which

contribute to the cytolytic activity of CD8  T cells . Collectively, this research identified that DNA methylation suppresses

a subset of genes required for CD8   T cell activation and that HMA treatment reprograms these genes to become

activated, promoting cytolytic activity.

Exhausted CD8  T cells (T ) have limited function as effector cells against chronic infections and cancer due to extensive

transcriptional changes and increased co-expression of inhibitory receptors . Recently, one study reported that

deletion of the HMG-box transcription factor Tox (Cd4-Cre) leads to complete ablation of T   formation (Table 1) .

Mechanistically, they showed that depletion of Tox leads to increased chromatin accessibility at genes linked to terminal

CD8  T effector cell differentiation, including Klrg1, Zeb2, Gzma, Gzmb, etc. They also showed that Tox directly binds with

the acetyl transferase Kat7 as well as repressive epigenetic regulators (e.g., Dnmt1, Leo1), suggesting that Tox interacts

with proteins involved in both the opening and closing of chromatin, leading to gene regulation . Similar observations

were made by another study that found that Tox and Tox2 cooperate with Nr4a (Nuclear Receptor Subfamily 4 Group A

Member 1) transcription factors to promote CD8  T cell exhaustion . Finally, another group identified Tox as a critical

modulator for the differentiation of tumor-specific T (TST) cells in a mouse model of liver cancer . TST is a distinct state

compared to functional effector or memory T cell states . TSTs, which are mainly found in solid tumors, are

dysfunctional as tumors progress despite their presence . The authors showed that, in dysfunctional TST cells from

tumors and in exhausted T cells obtained from chronic viral infection, Tox levels are significantly elevated . Ablation

of  Tox  (Lck-Cre) in TST cells in tumors diminished T cell exhaustion via downregulation of inhibitory receptor genes

including Pdcd1, Tigit, Cd244, Entpd1, and Havcr2 through inaccessible chromatin . Although Tox deletion abrogates T

cell exhaustion, TST cells still remained dysfunctional, suggesting additional molecular mechanisms for exhaustion still

remain to be identified . Collectively, these studies shed light on CD8  T cell exhaustion and establish the importance of

Tox-mediated epigenetic modifications in this process. These findings also suggest that Tox may be a therapeutic target to

decrease exhaustion of CD8  T effector cells.
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4. Perspective and Future Directions

Recent studies have shed light on the importance of epigenetic regulation in the T cell differentiation process. Several

mutations in epigenetic modifiers have been reported, which contribute to disease pathogenesis due to abnormal changes

in gene expression required for T cell differentiation . Specific inhibitors of chromatin remodeling proteins are currently

under clinical trials, which may have novel treatment options for patients. It is also important to note that, as discussed in

this review, some inhibitors are associated with unwanted toxicity or risk of autoimmune diseases. At the same time,

various studies point out the rate-limiting factors that activate or suppress CTL functions. These findings may help identify

novel approaches to improve immunotherapy for various cancers. Therefore, continuous efforts to understand the T cell

differentiation process and the epigenetic regulators of this process will yield valuable information, which may be used for

translational purposes.
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