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Abstract

T cells are critical orchestrators of the adaptive immune response that optimally eliminates a 

specific pathogen. Aberrant T cell development and function are implicated in a broad range 

of human disease including immunodeficiencies, autoimmune diseases, and allergic diseases. 

Accordingly, therapies targeting T cells and their effector cytokines have drastically improved 

the care of patients with immune dysregulatory diseases. Newer discoveries concerning T cell 

mediated antitumor immunity and T cell exhaustion have further prompted development of highly 

effective and novel treatment modalities for malignancies, including checkpoint inhibitors and 

antigen-reactive T cells. Recent discoveries are also uncovering the depth and variability of 

T cell phenotypes: while T cells have long been described using a subset-based classification 

system, next-generation sequencing technologies suggest an astounding degree of complexity and 

heterogeneity at the single cell level.

Introduction

T cells are critical orchestrators that set the tone of an adaptive immune response to 

optimally eliminate a specific pathogen. Inappropriately activated T cells and their products 
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are major drivers of autoimmune and allergic disease, and therapies targeting T cells 

and their effector cytokines have revolutionized the treatment of these diseases. More 

recently, efforts are being made to propagate and engineer antigen-reactive T cells to treat 

malignancies and other diseases 1-3. In a brief review such as this, it is impossible to do 

justice to all facets of T cell biology; instead, we will try to focus on some of the more 

topical issues and touch on salient clinical issues.

T cell development

Conventional αβ T cells are categorized as CD4+ helper T cells, which provide help to other 

immune cells, or CD8+ cytotoxic T cells, which kill their target cells. T cells express a 

unique T cell receptor (TCR), which recognizes small peptide fragments presented on major 

histocompatibility complex (MHC) molecules. CD4+ helper cells are MHC class II (MHC-

II) restricted, while CD8+ cytotoxic T cells are MHC-I restricted. So called nonconventional 

T cells are discussed below.

During T cell development (Figure 1), precursor cells arrive in the thymus from the 

bone marrow. In the thymus, T cells undergo commitment to the T cell lineage, 

TCR rearrangement, positive and negative selection, and lineage differentiation. T cell 

commitment involves the loss of multipotent potential and relies on Notch signaling and on 

Bcl11b, Gata3, and TCF-14-12.

TCR recombination is achieved by RAG-mediated rearrangement of V and J segments of 

the TCRα gene, and V, D, and J segments of the TCRβ gene, followed by DNA repair of 

the resultant breaks13-16. This rearrangement allows for the generation of a hugely diverse 

repertoire of TCRs, capable of recognizing essentially any peptide fragment. Patients with 

inactivating RAG mutations are unable to rearrange their T and B cell receptors; this leads 

to immunodeficiency and - in some cases - autoimmunity mediated by expanded oligoclonal 

autologous T cells17.

Positive selection of T cells that recognize self-MHC:peptide complexes is mediated by 

cortical thymic epithelial cells18-20. TCR engagement by self-MHC:peptide complex also 

downregulates RAG expression21. The transcription factor RORγ promotes thymocyte 

survival during this process via BCL-XL expression22. Positively selected thymocytes 

migrate to the medulla where they are tested for reactivity against self-peptides-by 

medullary thymic epithelial cells. These cells ectopically express various tissue-restricted 

antigens, a process-mediated by the transcription factor AIRE. Loss-of-function (LOF) 

AIRE mutations cause the autoimmune disorder APECED (APS1), where autoreactive T 

cells escape negative selection and mediate tissue damage23, 24 Clonal deletion can also 

occur in the cortex, presumably through different mechanisms25, 26.

Next, developing thymocytes differentiate into CD4+ vs. CD8+ cells depending on 

their MHC-restriction. MHC class II restricted thymocytes express Gata3 and ThPOK, 

which promote CD4+ commitment; MHC-I-restricted thymocytes express Runx3 and 

become CD8+27-30. During terminal maturation, CD4+ and CD8+ T cells start expressing 

sphingosine 1 phosphate receptor 1 (S1PR1), which promotes entry into the circulation31, 32. 
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S1P also mediates egress of T cells from secondary lymphoid organs; the S1PR inhibitors 

fingolimod, siponimod and ozanimod are approved for multiple sclerosis33.

Naïve T cells

After thymic development, T cells exist as naïve pluripotent cells, remaining in the G0 phase 

of the cell cycle due to quiescence factors like Foxp1 and Klf2 until they encounter their 

cognate antigen34, 35 Naïve cells are heterogeneous and include recent thymic emigrants 

as well as several subgroups of mature naïve T cells34. Although T cell activation takes 

place in secondary lymphoid organs; naïve T cells are widely distributed in lymphoid and 

nonlymphoid tissues34, 36.

T cell activation

There are approximately 2x1011 naïve T cells in the human body, expressing about 1010 

different TCRs capable of recognizing various antigenic peptides 37 Peptides derived from 

pathogens and transformed cells are presented by antigen presenting cells (APCs) in the 

context of MHC-II to activate CD4+ T cells. By contrast, all nucleated cells express 

MHC-I and can present antigen to activate cytotoxic CD8+ T cells. The TCR is a multi-

protein complex consisting of αβ chains noncovalently attached to multidimeric CD3 

proteins (Figure 2). CD3 molecules have cytoplasmic tails with immunoreceptor tyrosine 

activation motifs (ITAMs)38. TCR activation by peptide:MHC initiates a complex series 

of phosphorylation events39. CD4 and CD8 molecules recruit Lck, which phosphorylates 

the ITAMs on CD3 and TCRζ, causing them to recruit Zap70 kinase, which is also 

phosphorylated by Lck 40, 41. Zap70 then phosphorylates the adaptor protein LAT, 

which recruits downstream signaling molecules42. Mutation of LAT and ZAP70 can 

underlie severe combined immunodeficiency (SCID), whereas LCK mutations cause T cell 

immunodeficiency (Figure 2) 42-44.

TCR stimulation is insufficient to activate a T cell and by itself causes the T cell to 

become hyporesponsive, or anergic. A second signal required for T cell activation is 

provided costimulatory receptor binding. CD28 is expressed on most CD4+ and CD8+ 

T cells and binds to the B7 family of molecules, primarily B7-1 (CD80) and B7-2 

(CD86). CD28 promotes cell survival, proliferation, metabolism, and cytokine production 

through diverse mediators including PI3 kinase (PI3K), Akt, Itk, NF-κB, and p38 MAPK45. 

Other costimulatory molecules include ICOS, 4-1BB, OX-40, CD2, CD5, and LFA-145, 46. 

Costimulatory domains, including intracellular signaling domains of CD28 and 4-1BB, have 

been used to enhance the function of chimeric antigen receptor (CAR) T cells specific 

for tumor antigens2. The CTLA4-fusion protein abatacept blocks costimulation and is FDA-

approved for the treatment of multiple autoimmune and immune-mediated conditions.

Integrins are cell surface receptors that mediate interactions between cells and other cells, 

or between cells and the extracellular matrix; they are important for T cell trafficking47. 

The α4β7 integrin inhibitor vedolizumab is approved for inflammatory bowel disease (IBD), 

and integrin-targeted therapies are under development for fibrosis, cardiac disease, and 

malignancy48. Upon activation, T cells upregulate surface expression of integrins. This helps 
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to stabilize T cell interactions with APCs, thereby enhancing signal transduction. TCR 

signaling then feeds back on integrins to increase their avidity, a process termed "inside-out" 

signaling49.

Activation induces a complex series of transcriptional and epigenetic changes that are 

partly shaped by the environment in which the T cell is activated 50-53. TCR-dependent 

transcription factors (TFs) including NF-κB, NFAT, and AP-1 induce IL-2 production and 

upregulate the high affinity IL-2 receptor subunit CD25, increasing T cell responsiveness 

to IL-254. Binding of IL-2 to its high-affinity receptor causes T cells to proliferate about 

1,000-fold in the secondary lymphoid organs, producing a large population of lymphoblasts, 

also termed effector cells.

Studying antigen-specific responses

Despite the central role of antigen recognition to T cell effector function, several barriers 

have historically limited the identification of antigen-specific T cells in vivo. These include 

the low frequency of peripheral antigen-specific T cells, weak or polyspecific MHC-TCR 

binding, and the wide array of potential T cell epitopes55. Advances in computational 

biology, combined with comprehensive peptide libraries and novel computational methods 

can now allow identification of novel antigen-TCR combinations56, 57. While computational 

assays do not provide information about the function and phenotypes of the expanded T 

cell clones, they can be a powerful tool in combination with other methods. For example, 

TCR sequencing can be paired with single cell transcriptomic profiling of the expanded T 

cell clones. To functionally evaluate T cell responses to putative cognate antigens, directed 

methods like peptide-induced cytokine production and tagged peptide-MHC tetramers can 

specifically profile antigen-specific T cell abundance, location, function, and phenotype, 

focusing on one antigen at a time55. Such techniques confirm antigen-reactivity in vivo and 

can distinguish between functional vs. exhausted T cells, active vs. latent infection, or T 

helper subset phenotype.

Antigen-specific T cells have perhaps been best-studied in the context of infection. In 

tuberculosis infection, for example, directed functional assays that identify antigen-specific 

T cells outperform tuberculin skin testing in distinguishing patients with active vs. 

latent infection58, 59. Using newer methodologies can also be helpful in the context of 

infection: TCR sequencing has been used to identify antigenic signals of active vs. latent 

cytomegalovirus (CMV) infection60. This is important because CMV is highly prevalent 

but causes active disease in only a small minority of infected subjects; hence, identifying 

TCR-antigen signals associated with active infection could help target patients for antiviral 

treatment. During the COVID-19 pandemic, antigen-specific T cell studies have been used 

to define associations with disease severity, track vaccine responses, predict recognition 

of novel variants, and identify a mechanism of superantigen recognition – or non-antigen-

specific/polyclonal T cell activation – that leads to multisystemic inflammatory syndrome in 

children61-67.

In other human diseases, computational methods have enabled a broad range of discoveries. 

In monogenic primary immunodeficiencies like RAG1 deficiency and common variable 
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immunodeficiency, specific TCR repertoire deficiencies are associated with distinct clinical 

phenotypes43, 68-70 In malignant tumors, TCR profiling of circulating and tumor-resident 

T cells has revealed intratumoral T cell dysfunction that improved with checkpoint 

inhibitors71. In complex autoimmune diseases like scleroderma, and SLE, TCR sequencing 

has revealed clonal expansion, and targeted functional assays have identified autoimmunity-

specific self-reactive TCRs 71, 72. Tetramer studies have uncovered a population of Th17 

cells specific to the autoantigen U1-snRNP73. In patients with cat allergies, Tetramer-Guided 

Epitope Mapping has identified novel cat allergen epitopes that are potential targets for 

desensitization74. These findings help to identify the antigens that allow dysregulated T cell 

mediated immune responses to develop and persist, which could represent novel therapeutic 

targets.

CD4+ T subsets

During CD4+ T cell activation, different microenvironmental signals including pathogens 

and cytokines induce specific lineage-determining TFs (LDTF). LDTFs bind to target DNA 

regulatory regions and induce the transition of target gene loci from an inactive state to a 

poised state75. This enables the differentiation into CD4+ effector T cells subsets, including 

T helper 1 (Th), Th2, Th9, Th17, Th22, and follicular helper (Tfh) cells. Each subset 

promotes an immune response to a different family of pathogens by activating CD8+ T 

cells, NK cells, B cells, myeloid cells, and non-professional immune cells. For this reason, 

CD4+ T cells are designated “T helper cells”. It is now appreciated that selective cytokine 

production is not unique to T cells but is rather paralleled by innate lymphoid cells (ILCs) 

that employ that same LDTFs in a non-antigen-specific manner.

Historically, T helper subsets were viewed as fixed states: once a T cell committed to a 

specific subset, it selectively produced a hallmark effector cytokine and could not easily 

acquire a different phenotype (Figure 3). For example, T helper 1 (Th1) cells produce 

interferon gamma (IFN-γ) whereas Th2 cells produce IL-4, IL-5, and IL-13. While 

these concepts have utility in explaining some of the behaviors of CD4+ T cells, newer 

immunophenotyping techniques reveal substantial heterogeneity, complexity, and plasticity 

of T effector subsets.

Th1 cells

Along with CD8+ T cells and NK cells, Th1 cells produce IFN-γ in response 

to signals elicited by intracellular microbes, including macrophage-derived IL-12 and 

macrophage/NK-derived IFN-γ (Figure 3)76. IL-12 and IFN-γ activate STAT4 and STAT1, 

which induce the T-bet (encoded by Tbx21) to promote Th1 differentiation76. Loss of 

function (LOF) mutations of STAT1 are linked to disseminated infection with intracellular 

bacteria and viruses, whereas gain of function (GOF) mutations cause autoimmunity and 

mucocutaneous candidiasis77. Similarly, inactivating mutations in IL12, IFNG and TBX21 
increase susceptibility to mycobacterial disease; STAT4 LOF mutations are linked to fungal 

disease77-80. IFN-γ enhances antigen presentation via upregulation of MHC-I and MHC-II, 

promotes B cell class switching to IgG1 and IgG3, and inhibits class switching to IgE76. 

Th1 cells also express the chemokine receptor CXCR3, which senses CXCL9 and CXCL10, 
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causing Th1 to accumulate in microbe-containing granulomas81. Ustekinumab targets IL-12 

and IL-23 via the shared subunit IL-12B (p40) and is approved for the treatment of plaque 

psoriasis and inflammatory bowel disease. The IFN-γ monoclonal antibody emapalumab is 

approved for hemophagocytic lymphohistiocytosis.

Th2 cells

Th2 cells produce IL-4, IL-13, and IL-5, which are part of a family termed type 2 cytokines 
(Figure 3). Th2 cells gain full effector capacity in tissues by interacting with various 

cells including ILCs and neurons, which produce Th2-promoting factors in response to 

allergens, helminths, and other stimuli. Th2-promoting cytokines include IL- 4, IL-25, 

IL-33, and thymic stromal lymphopoietin; neuropeptides like substance P, neuromedin 

U, and CGRP also promote Th2 differentiation82, 83. Other factors like Prostaglandin 

D2 induce Th2 differentiation through chemoattractant receptor-homologous molecule 

(CRTH2)84. GATA3, the LDTF driving Th2 differentiation, has many additional functions; 

GATA3 haploinsufficiency therefore causes a complex disease that includes defective Th2 

specification82. Other Th2-promoting TFs include STAT6, Notch, IRF-4, Growth factor 

independent-1 (Gfi-1), and Bcl11b82. Conversely, repressor of GATA3 (encoded by Zbtb32) 

limits Th2 differentiation82.

Th2-derived IL-4, IL-13 and IL-5 mobilize eosinophils, basophils, and mast cells. IL-4 also 

promotes B cell growth, immunoglobulin class switching to IgG4 and IgE, and additional 

Th2 differentiation; IL-13 increases mucus secretion from airway and gut epithelial cells76. 

Dupilumab targets the shared receptor for IL-4 and IL-13 and is approved for treatment 

of atopic dermatitis and asthma. The IL-5 and IL-5R blocking antibodies mepolizumab, 

reslizumab, and benralizumab are approved for eosinophilic asthma; mepolizumab is also 

approved for hypereosinophilic syndrome, eosinophilic granulomatosis with polyangiitis, 

and chronic rhinosinusitis with nasal polyps77.

Th17 cells

Along with gamma-delta T cells, invariant natural killer T (iNKT) cells, and ILC3s, Th17 

cells produce the signature cytokine IL-17A, as well as IL-17F and IL-21 (Figure 3)85. 

Extracellular bacteria and fungi promote Th17 differentiation by eliciting production of 

IL-6, IL-21, IL-23, IL-1β, and TGF-β85. IL-6, IL-23, IL-1β, and TGF-β promote expression 

of Rorγt, whereas IL-6, IL-21 and IL-23 activate STAT3. IL17F and RORC inactivating 

mutations lead to chronic mucocutaneous candidiasis86. Dominant negative mutations of 

STAT3 underlie hyperimmunoglobulin E syndrome (HIES), which is characterized by 

mucocutaneous candidiasis and susceptibility to staphylococcal infection77. Other factors 

that promote Th17 differentiation include RORα, BATF, IRF4, aryl hydrocarbon receptor, 

IκBζ, HIF-1, and RUNX187. Th17 cells highly express the chemokine receptor CCR688. 

CCR6 binds to CCL20, which is expressed by epithelial cells, synoviocytes, and Th17 

cells within inflamed tissues88. After migrating to inflamed tissues, Th17 cells indirectly 

recruit myeloid cells by inducing G-CSF, CCL2, and chemokines; thus, IL-17 represents 

an important link between innate and adaptive immunity88. As will be discussed, Th17 

cells are heterogenous and can co-produce IFN-γ; they can also shift their phenotype to 

become Th1 cells over time85. Th17 cells are implicated in the pathogenesis of autoimmune 
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diseases including psoriasis and spondyloarthritis. Accordingly, biologics targeting IL-17 

and its receptor (secukinumab, ixekizumab, brodalimumab) are effective for this group of 

conditions, as are antibodies that block Th17 differentiation by targeting IL-23 (guselkumab, 

risenkizumab, ustekinumab).

Tfh and Tph cells

Unlike other T helper effector subsets defined by selective cytokine production, Tfh cells 
are recognized by expression of CXCR5 (Figure 3). CXCR5 allows Tfh cells to localize 

in B cell-rich follicles and germinal centers, where they promote B cell responses. The 

signals that promote Tfh differentiation differ from those that induce other effector subsets 

because Tfh cells must be activated twice89, 90. Both activation events involve ICOS-ICOSL 

signaling, but they are mediated by two different types of APC: usually dendritic cells (DCs) 

first, followed by B cells. Other cytokines and TFs that enhance Tfh differentiation in mice 

include IL-6 and IL-27 via STAT3; TGF-β, Activin A, IL-12, and IL-23 promote human 

Tfh differentiation through STAT3 and STAT491, 92. Tfh-promoting factors also include 

PD-1, the ubiquitin ligase ITCH and TFs BATF, IRF4, TCF1/LEF1, and ASCL289. Most 

of these stimuli act by inducing BCL6, which limits differentiation of other subsets. By 

contrast, IL-2 represses BCL6 through STAT5 and BLIMP1 (encoded by Prdm1); BLIMP1 

and BCL6 repress each other to fine tune responsiveness to IL-289. Other inhibitors of Tfh 

differentiation and function include FOXO1, FOXP1, and KLF289.

Tfh cells promote humoral immunity by inducing B cell proliferation, survival, and 

differentiation to plasmablasts or germinal center (GC) cells. Within the GC, Tfh cells 

upregulate CXCR5 and drive affinity maturation. IL-21 and CD40L are the most critical 

Tfh-derived signals, although other factors can also provide B cell help90. Accordingly, 

Tfh subsets have been described that provide help in different inflammatory milieus: Tfh1 

for Th1-associated responses, Tfh2 for type 2 responses, and Tfh17 for Th17-associated 

responses93. Although there is some evidence for plasticity between Tfh subsets, the extent 

of Tfh heterogeneity and plasticity is still being delineated93.

Insights from single cell technologies have revealed a Tfh-related CD4 subset designated 

T peripheral helper cells (Tph), which reside in inflamed peripheral tissues94. Because Tfh 

and Tph frequencies often correlate, the two subsets are thought to develop under similar 

environmental signals94 Tph cells express PD-1 and produce IL-21. However, they express 

lower BCL6, more Blimp1 and more CCR2, CX3CR1, and CCR5 than Tfh cells94. They are 

less efficient than Tfh at providing help to naïve B cells, but they strongly induce affinity 

maturation in memory B cells94.

Treg cells

Regulatory T cells (Treg) do not orchestrate responses to specific pathogens, instead 

promoting peripheral and central tolerance. Most naturally occurring Tregs (nTregs) develop 

in the thymus when T cells with intermediate-affinity TCR for self-peptide encounter 

self-antigen and develop into antigen-specific suppressive cells (Figure 1)95. Intermediate-

affinity TCR can respond to self-antigen, so nTregs undergo activation and proliferation 

at lower concentrations of self-antigen than their effector counterparts. A smaller group 
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of Tregs derives from T effector cells that differentiate into peripherally derived Tregs 

(pTregs) outside of the thymus (Figure 3). In vitro, IL-2 and TGF-β strongly induce 

Treg development; Tregs are also exquisitely dependent upon IL-2 in vivo. Both nTregs 

and pTregs are defined by expression of FOXP3; inactivating FOXP3 mutations cause 

Immunodyregulation, polyendocrinopathy, enteropathy, X-linked (IPEX), which is typified 

by severe autoimmunity affecting various organs and by food allergy96. Some Tfh cells 

express FOXP3 and are designated Tfr cells.

Tregs likely exert their suppressive effects through contact-dependent mechanisms, 

secretion of cytokines, and production of other factors. Ectopic Foxp3 expression confers 

Treg-mediated suppressive capacity, although Foxp3-deficient cells generated under Treg-

promoting conditions in vitro are also capable of suppression95, 97. Exogenous IL-2 and 

CD25 are critical for Treg survival and suppression. The checkpoint molecules CTLA4 

and PD-1 are also key modulators of Treg function; CTLA4 inhibition is highly toxic to 

Tregs, allowing for enhanced antitumor responses. PD-1 inhibition, by contrast, enhances 

the suppressive activity of tumor-resident Tregs: Treg-specific PD-1 deletion causes tumor 

hyperproliferation; this may underlie paradoxical hyperproliferation in some patients who 

receive PD-1 blockade for cancer98.

Th9 cells and Th22 cells

Th9 cells are identified by their production of IL-9 (Figure 3). In vitro, Th9 cells are induced 

by a combination of IL-4 and TGF-β and express PU.1; accordingly, they have a role in 

allergic diseases and antihelminth responses97. However, Th9 cells are also found in patients 

with autoimmunity and promote antitumor immunity99. Other major Th9 inducers include 

IL-2 acting via STAT5, TSLP, IL-25 (IL-17RB), TNF family members, epithelial growth 

factor, and hypoxia. Th9 cells are phenotypically unstable compared to other subsets, and it 

has been proposed that they are an early activated Th2 subset; however, in vivo-generated 

Th9 cells appear to be a mature effector population with a distinct identity99-101.

Th22 cells are defined by production of IL-22 (Figure 3), which promotes mucosal 

immunity by reducing epithelial permeability, inducing chemokine expression in epithelial 

cells, promoting hepatic antimicrobial responses, and directly regulating commensal 

microorganisms102. IL-22 is induced by IL-23, IL-1, and IL-18; microbiota can also promote 

IL-22 production by activating AHR102. Like the relationship between Th9 and Th2 cells, 

that between Th22 and Th17 cells is unclear. Th17 cells and ILC3s can produce IL-22, yet a 

distinct population of IL-22-expressing T cells has also been described, suggesting that Th22 

cells may represent a distinct T helper subset103, 104 However, there are no LDTFs linked to 

Th22 cells, and many IL-22-modulating TFs are expressed in Th17 cells, including SMADs, 

BATF, IRF4, and RORγt.

Subsets vs. states: the changing view of T helper specification

The discovery of distinct T helper subsets and elucidation of underlying mechanisms 

and transcriptomic programs was a crucial insight into the mechanisms by which CD4+ 

T cells target discrete immune responses against specific pathogens. However, improved 

methods for assessing the complex biology of T cells and ILCs – including transcriptomic 
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and genomic accessibility profiling – suggest more a dynamic and plastic view of 

T helper subset specification (Figure 3). This comprises various states of activation, 

proliferation, differentiation, and memory that are shaped by local tissue environments, 

including metabolic and neuronal inputs. In this respect, lymphocyte programs are better 

conceptualized as multidimensional continua with a range of outcomes shaped by myriad 

intrinsic and extrinsic factors76.

Particularly in recent years, cutting edge assays like single cell RNAseq (scRNAseq) single 

cell ATACseq (scATACseq), and spatial transcriptomics have been extensively utilized to 

study CD4+ T cell states at the steady state and in various diseases including infection, 

cancer, and airway inflammation105-110. Single cell RNAseq enables the measurement of the 

transcriptomes of individual cells, offering unprecedented insight into the heterogeneity of 

cell subsets. Similarly, single cell ATACseq measures chromatin accessibility of individual 

cells. More recent technologies measure gene expression and chromatin accessibility in 

the same cell, termed ‘multiomics.’ Briefly, cells are purified from a tissue and ‘captured’ 

and processed. The result is a matrix of cells and genes (or chromosomal coordinates for 

ATACseq). Computational analyses then group cells together into clusters based on their 

transcriptomic or epigenomic similarity.

Single cell studies suggest that CD4+T cell transcriptional programs are heterogeneous, with 

populations that do not fit the classical view of subset differentiation. These populations 

are often classified as "ambiguous" or "unknown" and have features of several different 

effector states. This includes co-expression of hallmark effector cytokines like Ifng (Th1) 

and Il17a (Th17), or Il13 (Th2) and Il17a (Th17)106, 108 These phenotypes are largely 

influenced by environmental cues including microbiota and metabolic factors like free fatty 

acids 106, 108, 111. Multiple LDTFs can also be co-expressed in a given CD4+T cell. Tregs 

are a particularly good example: in addition to Foxp3, they can also express T-bet, Gata3, 

Rorγt, and Bcl6. T-bet promotes Treg trafficking to sites of Th1-associated inflammation, 

Gata3 is critical for Treg function and trafficking, and Rorγt is important for GI-resident 

Treg function112-114. This is an evolving field that could itself be the subject of a separate 

review.

CD8+ T cells: general concepts

In the 1970s, CD8+ T cells were identified as the primary cytotoxic T lymphocyte (CTL) 

subset115. Since then, CD8+ T cells have been implicated in a host of additional functions. 

In addition to promoting the cytotoxicity of infected or malignant target cells, CTL-induced 

cell death is important in the elimination of intracellular infections and tumor surveillance. 

Hence, tumor-specific CTLs are being engineered to treat various malignancies116. 

Activated CTLs induce apoptosis via several mechanisms. Perforin-containing granules 

released from CTL lysosomes create pores in target cell membranes, causing direct damage 

and permitting influx of other cytotoxic material. CTL granules also contain granzymes, 

which trigger target cell apoptosis by activating a caspase cascade, directly damaging DNA, 

and inducing pro-apoptotic cytokine release117. CTLs also produce cytokines like IFN-γ and 

TNF-α that enhance cytotoxicity and activate macrophage to promote target cell death.
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CD8+ Distribution, subsets, and heterogeneity

Like CD4+ T cells, CD8+ cells receive various inputs after TCR activation that promote 

their proliferation and function. IL-7 and IL-15 promote constant self-renewal to maintain 

stable CD8+ populations (Figure 4)118. These include effector memory CD8+ T cells, which 

promote early immune responses, and long-lived central memory CD8+ cells, which prevent 

reinfection118. Resident memory CD8+ T cells reside in mucosal tissues that interface with 

the external environment and help prevent influx of pathogens; ICOS is important for their 

development118, 119. Re-activation of these memory CTLs is CD4-dependent and results 

in a robust cytotoxic response. In vivo, CD8+ T cells comprise a heterogeneous effector-to-

memory gradient (Figure 4) that depends on environmental cues and genetic regulators like 

Tcf1, AP-1, Tox, Foxo1, STAT3, Zeb1, Bach2, and Bcl6120-126.

Like CD4+ T cells, CD8+ effector memory T cells can also differentiate into different 

subsets under the influence of factors like IL-6, AHR, and SLAMF7 (Figure 4)127 These are 

similar to CD4+ subsets: Tc1 (analogous to Th1), Tc2 (analogous to Th2), Tc17 (analogous 

to Th17), and so forth127. CD8+ Tregs that promote immune tolerance have also been 

identified; some of these express Foxp3 like their CD4+ counterparts, but many CD8+ T 

cells with regulatory phenotypes do not express FoxP3128, 129. Regulatory CD8+ T cells can 

inhibit CTLs and CD4+ T cells via cytokine production or direct cytotoxic action and appear 

protect against autoimmune diseases129, 130.

CD8+ T cell exhaustion

Although exposure of a memory CD8+ to its cognate antigen generally induces re-

activation and cytotoxicity, sustained antigen exposure during chronic infection and cancer 

can cause exhaustion131. Exhausted CD8+ T cells lose effector function, fail to self-

renew, and have defective memory responses. They are characterized by high expression 

of inhibitory receptors, expression of specific transcriptional regulators, and metabolic 

dysfunction131, 132. While T cell exhaustion is undesirable in the setting of infection and 

malignancy, it can protect from autoimmunity133.

Both soluble and cellular mediators can regulate exhaustion in CD8+ T cells. IL-10 and 

TGF-β induce exhaustion, whereas IL-21 prevents it131. Type 1 interferons and IL-2 can 

promote or repress exhaustion depending on the timing and duration of exposure131, 134, 135 

Mitochondrial stress and reduced mitochondrial fitness strongly induce T cell exhaustion, 

which may relate to the distinct metabolic profile of exhausted cells 131, 136, 137. Tregs 

and exhausted APCs also promote CD8+ T cell exhaustion, whereas effector CD4+ T cells 

antagonize exhaustion131.

Mechanistically, these soluble and cellular mediators act by inducing transcriptional 

networks that promote an exhausted phenotype131. Many TFs expressed by exhausted T 

cells are also expressed by conventional CD8+ T cells, including T-bet, Eomes, Tcf-1, 

and NFAT. NFAT seems particularly important, as increased NFAT:AP-1 ratios promote 

exhaustion138. TOX also induces an exhausted phenotype downstream of NFAT; the N4A 

family of TFs has a similar role138. Together, these TFs induce a series of epigenetic 
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changes that is partially reversible but also comprises durable epigenetic scars that prevent 

the formerly exhausted cells from completely regaining function139.

Checkpoint molecules and immune checkpoint inhibitors

One of the hallmark features of exhausted T cells is expression of inhibitory checkpoint 

molecules: programmed cell death protein 1 (PD-1) and cytotoxic T lymphocyte antigen 

4 (CTLA-4)131. PD-1 is expressed transiently in all T cells after TCR activation, where 

it binds PD-L1; in exhausted T cells, expression is sustained due to chronic antigen 

exposure131. Sustained expression of the inhibitory receptor CTLA4, which binds CD80/86 

and prevents costimulatory engagement of CD28, also induces CD8+ T cell exhaustion and 

impaired cellular immunity140. Antagonists of PD1, PD-L1, and CTLA4 are termed immune 

checkpoint inhibitors (ICI) and prevent or reverse CD8 T cell exhaustion141. Re-activation 

of these cells promotes a robust cytotoxic immune response to tumor antigens, resulting 

in tumor clearance131. ICIs are highly effective for numerous malignancies, yet immune 

system reactivation can cause side effects resembling systemic autoimmune conditions141. 

These immune related adverse events (IRAEs) have been described in the skin, thyroid, GI 

tract, joints, and central nervous system141. Treatment with systemic immunomodulators is 

effective but can restore the T cell exhaustion phenotype, impairing the anti-tumor immune 

response141. Some newer strategies attempt to promote immune responses within the tumor 

microenvironment while preventing off-target IRAEs141.

Engineered T cells

Chimeric antigen receptor T cells have revolutionized the field of cancer immunotherapy 

since they were first used in the early 2010s 142, 143 These T cells express engineered 

antibodies specific to a target antigen (e.g., CD19 or CD20) as their receptors, which are 

coupled to costimulatory and signal transduction domains. While they have had tremendous 

success against hematologic malignancies, they are less efficacious against solid tumors144. 

Furthermore, some cancers can mutate to escape CAR-T cell recognition, and CAR-T cells 

themselves can cause toxicity144. Potential approaches to resolve these challenges include 

engineered safety switches that prevent toxicity and tri-specific CAR-T cells that target 

multiple epitopes to overcome immune evasion 145-147 Combining CAR-T therapy with 

mRNA lipid nanoparticle technology can generate CAR-T cells that are effective in vivo and 

are short-lived, thus preventing unforeseen off-target effects 148

CAR-T cells have additional applications beyond cancer immunotherapy. Recent studies 

have demonstrated their efficacy in the treatment of cardiac fibrosis, where they can restore 

heart function149. In autoimmune skin diseases, CAR-T cells have been engineered that 

target and kill autoreactive B cells, preventing autoimmunity1. Thus, CAR-T cells are a 

promising therapy that could be used to target a broad range of diseases, representing a 

major advance in targeted therapeutics.
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Non-conventional T cells

In addition to conventional CD4+ and CD8+ T cells, several rare non-conventional 

populations have substantial immunological roles. γδT cells develop in the thymus, where 

their TCR is generated by RAG-mediated recombination of Tcrd and Tcrg and recognize 

antigen independent of MHC presentation150. γδT cells acquire the ability to secrete 

cytokines during development, allowing for a quick, innate-like response to tissue insult. 

After development, they preferentially home to the skin, lung, and intestines, where they 

have an important role in tissue repair 151. γδT cells also have a role in short-term memory, 

thermogenesis, and neuronal synaptic plasticity; dysregulation is linked to psoriasis and 

atopic dermatitis150, 152, 153. A major class of γδ T cells is activated by nonpeptide, 

phosphorylated antigens and are dependent upon butyrophilin, which is similar to co-

stimulatory B7 molecules154.

NKT cells have properties of both NK and T cells and recognize lipid antigens presented 

by the MHC-like CD1d molecule. They develop in the thymus and depend on CD1d+ DP 

thymocytes rather than thymic epithelial cells155. Like γδT cells, they can quickly produce 

cytokines upon activation and have roles in infection, autoimmunity, graft-versus-host 

disease, and allergy155. Invariant NKT cells (iNKT), also referred to as type I NKT cells, 

recognize the lipid antigen α-galactosylceramide (αGalCer) and are sometimes subdivided 

into Type 1, Type 2, and Type 17 iNKT cells based on TF expression156. Type II NKT cells 

are not to be confused with Type 2 iNKT cells – which are a subset of Type I NKT (iNKT) 

cells and therefore react to αGalCer. Type II NKT cells, which are less well explored than 

iNKT cells, express a different type of antigen receptor that is not αGalCer-reactive but 

rather has a larger range of lipid specificities157.

Mucosal associated invariant T (MAIT) cells recognize microbial riboflavin-derivatives 

presented on MHC I-related MR1 molecules and are more abundant in humans than in 

mice. They are rapidly activated through TCR-dependent and independent stimuli, have 

innate-like effector properties, and are important for defense against pathogens, tissue repair 

and wound healing158. Reduced numbers of MAIT cells are seen in patients with allergic 

and autoimmune diseases, and MAIT cells may also have a role in antitumor immunity158.

CD4+CD8αα+ intraepithelial lymphocytes are thought to arise from CD4+ T cells in the 

gut and thus have both helper and cytotoxic functions. CD4+ T cells can extinguish ThPOK 

expression and can reactivate CD8 expression. CD4+ cytotoxic T cells have also been 

identified in the setting of viral infections.

T cell trafficking

To mediate immune responses, T cells must migrate to the lymph nodes for activation and 

then to peripheral tissue to execute their effector functions. T cell trafficking is regulated by 

a host of different receptors and signals. Naïve T cells enter lymph nodes when L-selectin 

on their cell surface recognizes its ligands on the node’s postcapillary venule. This causes 

the T cells to adhere to the venules, roll, Afterwards, they primarily engage in non-informed 

motion through lymphoid organs to maximize their likelihood of encountering their cognate 
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antigen159. Recent advances in intravital lymph node imaging reveal that naïve CD4+ T 

cells are localized close to the medulla while CD8+ T cells are distributed within the cortex, 

in part because CD4+ velocity is depth-dependent while CD8+ T cells maintain a constant 

velocity regardless of depth160.

After T cells are activated, they are guided by various chemokines, integrins, and other 

tissue-homing receptors to migrate to various peripheral organs. For example, CLA+ T 

cells home to the skin, while α4β7+ cells migrate to the gut161. Chemokines are G protein 

coupled receptors that can function as monomers, homodimers, heterodimers, or oligomers. 

This variety allows for complex and nuanced regulation of T cell migration and function. 

In cancers like melanoma, chemokines can promote immune cell trafficking and antitumor 

immunity; reduced chemokine expression impairs antitumor immunity, and this may become 

a therapeutic target for tumor immunotherapy161, 162.

Once reaching target organs, cell adhesion molecules like selectins and integrins permit 

entry into peripheral tissue161. T cells move through peripheral tissue quickly, moving 

through natural channels in the extracellular matrix 163, 164 Local chemokines and adhesion 

molecules can influence migration, but recent advances in intravital microscopy have 

revealed that T cell locomotion depends more on the topography of the extracellular 

matrix165. The balance of inputs from chemokines, adhesion molecules, and environmental 

topography is organ-specific and varies between different tissues163.

Aside from potential effects on antitumor immunity, dysfunctional T cell migration can 

cause monogenic immune dysregulatory disorders. Gain of function mutations CXCR4 
prevent leukocyte migration out of bone marrow and primary lymphoid organs. This 

causes WHIM syndrome, which is typified by HPV infection, hypogammaglobulinemia, 

immunodeficiency, and myelokathexis166 Conversely, blocking T cell trafficking is a 

successful therapeutic strategy for inflammatory bowel disease (IBD) and multiple sclerosis 

(MS). Three FDA-approved monoclonal antibodies target T cell trafficking: vedolizumab 

(anti-α4/β7 integrin), natalizumab (anti-α4 integrin), along with fingolimod and related 

small molecules. Although natalizumab increases the risk of progressive multifocal 

leukoencephalopathy, limiting its clinical use, vedolizumab and fingolimod are widely used 

for IBD and MS, respectively.

T cell immunometabolism

The energy requirements of T cells vary based on cell identity, activation, and function 

(Figure 5)167 Naïve T cells have relatively low metabolic demands and primarily rely 

on fatty acid oxidation (FAO) and oxidative phosphorylation (OXPHOS)167. Activated T 

cells undergo rapid proliferation, during which OXPHOS is replaced by glycolysis, the 

pentose phosphate pathway, and glutaminolysis 167, 168 The shift in energy production is 

accompanied by mitochondrial ultrastructural modifications that facilitate the metabolic 

transition169. Memory T cells also undergo mitochondrial remodeling that promotes 

a quiescent metabolic state and increases longevity169. Hypoxia-induced mitochondrial 

remodeling can also promote T cell exhaustion, reducing antitumor immunity137.
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Since before the advent of targeted immunomodulation, metabolic pathways have been 

manipulated to treat immune-dysregulatory diseases. One of the oldest such therapies is 

rapamycin (sirolimus), which targets mechanistic Target of Rapamycin (mTOR, Figure 5). 

mTOR is a serine/threonine protein kinase that is activated by TCR stimulation through 

Pi3K/Akt and Glut1 (glucose transporter 1)167. IL-2 and IL-7, which are important for T 

cell proliferation and maintenance, also induce mTOR167. mTOR can also be regulated by 

local microenvironmental nutrients. In environments with limited glucose availability, AMP 

protein kinase (AMPK) inhibits mTOR, pushing T cells towards quiescence and a memory 

phenotype (Figure 5)170. AMPK is targeted by the immunomodulatory agent methotrexate. 

Leucine, glutamine, and arginine also regulate mTOR expression; in patients with atopy 

due to CARD11 LOF, glutamine supplementation can promote Th1 differentiation through 

mTOR, rescuing the atopic T cell phenotype171-173.

Aside from these cell-intrinsic immunomodulatory factors, environmental metabolic cues 

can also dramatically affect T cell function. One of the best studied such inputs is obesity, 

which causes increased local and systemic production of adipokines, fatty acids, and 

cytokines167. In obese patients, adipocyte-derived leptin promotes Th17 differentiation. 

Obesity also reduces PPARγ levels, enhancing Th17 differentiation and worsening skin 

inflammation174. The PPARγ agonists pioglitazone and rosiglitazone are FDA-approved for 

the treatment of Type 2 Diabetes and can reduce Th17 activity that contributes to early onset 

atherosclerosis in autoimmune diseases 175, 176 For example, Treatment of SLE patients with 

pioglitazone reduced vascular stiffness and cardiometabolic disease 177.

Amino acids can also have profound effects on T cell phenotype and function, apart 

from their effects on mTOR. Glutamine has pleiotropic roles in T cell metabolism 

and function and can promote or suppress T cell immune responses in a context-

dependent fashion167. For example, glutamine antagonism can reduce tumor burden while 

promoting T cell activity, identifying glutamine metabolism as a potential target for cancer 

immunotherapy178. Methionine is important for CD8+ antitumor immunity, and proline 

enhances the cytotoxic effect of CAR-T cells179, 180. Hence, metabolic reprogramming 

is being actively investigated for optimization of CAR-T cells and other adoptive T cell 

therapies167, 179, 181.

T cell epigenetics

The three-dimensional organization of the genome is dynamic and highly cell-type and 

state specific. Chromatin remodeling is accomplished in part by the regulation of histone 

modifiers, including methylation and acetylation. Chromatin remodeling is a highly complex 

process, and relies on multiple TFs, co-factors, and chromatin modifying enzymes182. The 

importance of chromatin remodeling to T cells is made evident by the profound effects of 

deleting chromatin-modifying enzymes on T cell development and function 183-185 Further 

supporting the importance of 3D chromatin structure to T cells, natural genetic variation in 

3D chromatin organization can lead to misfolding of key T cell genes, altering downstream 

gene expression and causing autoimmunity 186.
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Noncoding DNA regulatory elements (REs) are classified based on their architectural 

and functional properties. REs that control the expression of nearby genes are termed 

cis-REs and include promoters, enhancers, and silencers (Figure 6). As their name suggests, 

enhancers upregulate the expression of many effector molecules, including cytokines, 

proliferation factors, and apoptosis genes187, 188. In some cases, a block of genes can be 

co-regulated as an extended locus; one classic example is the IL4-IL5-IL13 locus, which 

underlies coordinated expression of IL-4, IL-5, and IL-13 in Th2 cells (Figure 6). Enhancers 

can either strongly induce or fine-tune target gene expression: a subset of enhancers 

called super-enhancers are particularly important for genes associated with cell identity 

and function189, 190 Timing is also important: some enhancers become accessible during 

differentiation or TCR activation, whereas others are already accessible in mature mouse 

and human thymocytes, suggesting a poised state191, 192. Because many epigenome-wide 

profiling techniques only capture a “snapshot” in time, identification of functional enhancers 

can depend upon cell state and timing. Combining bulk sequencing, single cell genomics, 

and CRISPR-interference assays has partly addressed this problem by looking at multiple T 

cell states and populations to identify functional enhancers193.

The noncoding portion of the genome can regulate target gene expression through 

several mechanisms (Figure 6). Noncoding cis-REs can directly interact with target 

genes, recruit transcriptional modifiers, or can be transcribed to noncoding regulatory 

RNAs76, 97, 188, 194. Noncoding RNAs include microRNAs (miRs), long noncoding RNAs 

(lncRNAs), and circular RNAs (circRNAs)195. miRs are perhaps the best studied of these 

and have been found to regulate Th1, Th17 and Treg differentiation, as well as CTL-

cytotoxicity195-197. In CD8+ T cells, lncRNAs can regulate apoptosis, cytokine production, 

and cytotoxicity to influence antiviral and antitumor responses198-202. LncRNAs also 

modulate differentiation and cytokine production in CD4+ T cells, as well as activation 

and autophagy 194, 198, 203-205. Unlike miRs and lncRNAs, circRNAs can sometimes be 

translated into proteins or can act as noncoding RNAs. CircRNAs have been shown to 

regulate cell cycle and apoptosis in T cells, but they are not as well studied as miRs or 

lncRNAs195. In ways that are largely not understood, epigenomic factors and RNAs likely 

contribute to immunologic memory.

Conclusions

T cells sit at the center of adaptive immune responses, with CD8+ cells eliminating 

undesirable cells and CD4+ cells guiding immune responses to protect against specific 

pathogens. From thymus to circulation to peripheral tissues, T cell development, 

differentiation, migration, and function are tightly regulated to ensure that T cells have 

sufficient diversity to respond to a wide host of pathogens but do not contain any 

self-reactive clones. Upon encountering cognate antigen in the context of MHC and 

costimulation, T cells become activated, proliferate, and differentiate into effectors that 

can traffic to various tissues and carry out myriad effector functions. In CD4+ T cells, 

differentiation classically describes phenotypic skewing towards one of several discrete 

subsets with an associated lineage-defining transcription factor and one or more hallmark 

effector cytokines. Recent advances in single cell transcriptomic and epigenomic processing 

have led to a re-evaluation of this framework, and it is now thought that each T cell exists 
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on a continuum molded by external and cell-intrinsic factors, including immunometabolic 

factors. In CD8+ cells, differentiation classically results in a similarly distinct commitment 

to an effector memory, central memory, or resident memory phenotype. As in CD4+ T 

cells, it is becoming clear in vivo CD8+ T cells are heterogeneous and can co-express 

genes typical of multiple subsets, due to varied environmental and cell-intrinsic inputs. 

These signals modulate T cell identity and function through diverse mechanisms including 

chromatin remodeling – especially of super-enhancers – and modulation of noncoding 

RNAs. In some settings, T cells – particularly CD8+ T cells – develop exhaustion due 

to chronic antigen exposure and are unable to optimally function as effectors. Over the 

last several decades, major advances in the field have identified many disease-causing 

mechanisms of T cell dysregulation and have sparked the development of multiple 

therapeutic agents targeting T cells and their effector cytokines. This is a rapidly advancing 

field, and continued technological advances in intravital imaging, single cell sequencing, and 

spatial transcriptomics are expected to result in further insights.
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Summary Box

• T cells are critical orchestrators of the adaptive immune response whose 

development is tightly regulated to permit responses to a broad selection of 

foreign antigen while limiting self-reactivity.

• CD4+ T cells provide help to other immune cells and have multiple effector/

regulatory subsets with characteristic regulatory transcription factors and 

effector cytokines.

• CD8+ T cells are cytotoxic and also differentiate into different subsets under 

the influence of various environmental signals and transcription factors

• Single cell technologies reveal considerable in vivo plasticity, overlap, and 

heterogeneity of CD4 and CD8 subsets at a single cell level.

• Inhibitory checkpoint molecules limit T cell effector function and can 

promote T cell exhaustion; pharmacologic inhibitors of checkpoint molecules 

are used for tumor immunotherapy.

• Engineered T cells that react to tumor antigens represent another major type 

of tumor immunotherapy and are being explored for other clinical indications.
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Figure 1: T cell development.
T cell progenitors, or precursor cells, arrive in the thymus from the bone marrow. They lose 

multipotent potential and commit to the T cell lineage under control of Notch signaling and 

Bcl11b, Gata3, and TCF-1. These committed thymocytes subsequently recombine their T 

cell receptors (TCRs) under the control of RAG enzymes and DNA repair machinery to 

generate a diverse TCR repertoire. TCR recombination is followed by positive selection of 

T cells that recognize self-MHC:peptide complexes; this occurs in the thymic cortex and 

is mediated by thymic cortical epithelial cells. The thymocytes then migrate to the medulla 

where they are tested for reactivity against self-peptides-by medullary thymic epithelial 

cells; self-reactive T cells are negatively selected and deleted. Next, developing thymocytes 

differentiate into CD4+ vs. CD8+ T cells under the control of Runx3 (CD8+) or Gata3 and 

ThPOK (CD4+). A subset of CD4+ T cells develop in to FOXP3+ regulatory T cells (Treg), 

whereas the others mature into naïve T cells.
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Figure 2. T cell activation.
The T cell receptor (TCR) is a multi-protein complex in which αβ chains are noncovalently 

attached to CD3 proteins, whose cytoplasmic tails contain immunoreceptor tyrosine 

activation motifs (ITAMs). When TCRs are activated by peptide:MHC, a complex series 

of phosphorylation events ensues. First, CD4 and CD8 molecules recruit Lck, a kinase that 

phosphorylates the ITAMs on CD3 and TCRζ. This allows the ITAMs to recruit Zap70 

kinase, which is also phosphorylated by Lck. Phosphorylated Zap70 then phosphorylates the 

adaptor protein LAT, which recruits various downstream signaling molecules.
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Figure 3: CD4+ subsets and heterogeneity.
The classical view of CD4+ differentiation holds that naïve T cells differentiate into 

distinct subsets under the control of subset-specific environmental signals and downstream 

transcription factors. In this view, T helper 1 (Th1) cells express T-bet and produce 

interferon gamma (IFN-γ) whereas Th2 cells express Gata3 produce IL-4, IL-5, and IL-13. 

Th17 cells express RORγt and produce IL-17-family cytokines, Th9 cells express PU.1 

and produce IL-9, and Th22 cells produce IL-22. Peripherally derived regulatory T cells 

promote immune tolerance, whereas T follicular helper (Tfh) cells are critical for B cell 

responses. In many cases subsets can by identified by the expression of specific cell surface 

markers; for example, CXCR3 marks Th1 cells while CCR6 marks Th17 cells. However, 

single cell technologies reveal that there is substantial overlap and heterogeneity between 

these different subsets in vivo.
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Figure 4. CD8+ subsets and heterogeneity.
CD8+ cells comprise several subsets. These include effector memory CD8+ T cells, which 

promote early immune responses; long-lived central memory CD8+ cells, which prevent 

reinfection; and resident memory CD8+ T cells, which reside in mucosal tissues and prevent 

influx of pathogens. Effector memory T cells are described to have several of their own 

subgroups, analogous to CD4+ helper subsets. Tc1 are analogous to Th1 and produce IFN-γ, 

Tc2 are analogous to Th2 and produce type 2 cytokines, Tc9 are analogous to Th9 and 

produce IL-9, Tc17 are analogous to Th17 and produce IL-17A, and Tc22 are analogous 

to Th22 and produce IL-22. In vivo, CD8+ T cells are characterized by a large amount of 

heterogeneity and overlap between these various subsets, with specific clones potentially 

co-expressing elements of multiple different subsets. This complexity is illustrated by single 

cell transcriptomic analyses.
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Figure 5. T cell metabolism.
Naïve T cells have relatively low metabolic demands and primarily rely on oxidative 

phosphorylation, whereas activated and proliferating T cells depend upon glycolysis and 

glutaminolysis. These metabolic shifts are accompanied by mitochondrial remodeling, 

which also plays a role in T cell exhaustion and antitumor immunity. Metabolic pathways 

are extensively targeted by disease-modifying drugs to treat immune-dysregulatory disease. 

Rapamycin (sirolimus) targets mechanistic Target of Rapamycin (mTOR), which is 

activated ty T cell receptor (TCR) stimulation and proliferation-inducing cytokines like 

IL (interleukin) −2 and IL-7. In environments with limited glucose availability, AMP 
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protein kinase (AMPK) inhibits mTOR, pushing T cells towards quiescence and a memory 

phenotype
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Figure 6. T cell epigenetics.
Chromatin remodeling is a major requirement for regulation of gene expression and involves 

the architectural transition from an inactive/repressed state to an open/accessible state. 

Within accessible areas of chromatin, genes can be found in association with noncoding 

regulatory elements (REs) including promoters – located in proximity to the transcriptional 

start site (TSS) – and enhancers, which are distal to the TSS. Enhancers can directly interact 

with target genes by forming transcriptionally active loops, can recruit transcriptional 

modifiers, or can be transcribed to noncoding regulatory RNAs that have various regulatory 

roles. As an example, the extended type 2 locus is shown. This includes the Il4, Il13, Rad50, 

and Il5 genes as well as multiple noncoding regulatory elements that are open/accessible 

when the genes are open/poised for transcription.
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