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Abstract

Mammalian lymphoid immunity is mediated by fast and slow responders to pathogens. Fast innate 

lymphocytes are active within hours after infections in mucosal tissues. Slow adaptive 

lymphocytes are conventional T and B cells with clonal antigen receptors that function days after 

pathogen exposure. A transcription factor (TF) regulatory network guiding early T cell 

development is at the core of effector function diversification in all innate lymphocytes, and the 

kinetics of immune responses is set by developmental programming. Operational units within the 

innate lymphoid system are not classified by the types of pathogen-sensing machineries but rather 

by discrete effector functions programmed by regulatory TF networks. Based on the evolutionary 

history of TFs of the regulatory networks, fast effectors likely arose earlier in the evolution of 

animals to fortify body barriers, and in mammals they often develop in fetal ontogeny prior to the 

establishment of fully competent adaptive immunity.
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INTRODUCTION

The immune system deploys cytokines to demarcate the tissue areas of hyperstasis 

precipitated by infections. Cytokines fortify the mucosal barrier and marshal a cadre of 

activated, specialized cell types that collectively control infectious agents at sites of 

infection. Tightly controlled duration of action and choice of cytokines tailored to specific 

damaging events are essential for a rapid restoration of tissue homeostatic set points. Unique 

combinations of effector cytokines are made by specialized lymphoid effector subsets, 

which are considered distinct cell lineages. Emergence in the past decade of lymphoid 

effector subsets that are classified as performing innate function has firmly established that 

mammalian lymphoid immunity consists of at least three layers of overlapping defense 
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against pathogens (Figure 1). Each lymphoid layer is arrayed at different proximity to the 

entry points for pathogens, from the mucosal epithelia, where most pathogens first interact 

with host cells, to the more distal locations in the secondary lymphoid tissues, such as lymph 

nodes (LNs), where T and B lymphocytes are alerted and mobilized for reaction and 

deployment against pathogen-derived products. The barrier proximal layer is populated by 

fast-acting innate lymphoid cells (ILCs) that lack somatically generated clonal antigen 

receptors (1). Intermixed among them and extending to lymphoid tissues is another group of 

fast-acting innate effectors that express T or B cell antigen receptors (2, 3). Arrayed behind 

these fast effector subsets are the conventional T and B cells of adaptive immunity, whose 

participation in pathogen clearance is kinetically and strategically delayed in animals that 

have not previously encountered the same pathogen (4, 5). Remarkably, each layer of 

protection includes cell subsets that can secrete a near identical repertoire of effector 

cytokines that operationally define them. Mosmann, Coffman, and colleagues first described 

the lymphoid division of labor within adaptive helper CD4+ αβ T cells by identifying IFN-γ-

producing Th1 cells and IL-4-producing Th2 cells that are primarily responsible for bacterial 

and parasitic clearances, respectively (6). Subsequently, the discovery of IL-17-producing 

CD4+ T cells, which are termed Th17 cells (7, 8) and are involved in evoking tissue 

inflammation and neutrophil recruitment, entrenched the triad of effector cytokine classes 

and their cellular sources, which dominantly dictate pathogen-tailored immunity: type 1 

(IFN-γ, TNF), type 2 (IL-4, IL-5, and IL-13), and type 3 (IL-17 and IL-22). The adaptive 

CD4+ effector T cell subsets are specialized by a cohort of transcription factors (TFs) that 

are responsible for the cytokine signatures, with T-bet (Tbx21), GATA3, and RORγt (Rorc) 

segregating with Th1, Th2, and Th17 cells, respectively (9–12). The same division of 

effector cytokine production and subset-defining TFs is evident among all fast innate 

lymphoid effector (ILE) cells studied in some depth. Therefore, in nearly all tissues where 

lymphocytes patrol, critical effector cytokines are produced by multiple fast and slow 

responders.

Clearly, what distinguish each layer of lymphoid protection are the apparatuses for sensing 

damaging pathogens. Together, these provide a built-in redundancy in effector cytokine 

production, presumably such that evolving pathogens are less likely to evade host sensing 

altogether. Although the pathogen-sensing mechanisms for some lymphoid subsets remain a 

mystery, gene regulatory circuits controlling effector subset differentiation in each layer of 

immunity are coming into sharper focus. In this review we describe TF regulators of murine 

innate effector subsets and their function and evolutionary origin, in support of the thesis 

that the fast-acting lymphoid compartment of the mammalian immune system is built using 

common TF regulatory networks that arose in a stepwise manner during evolution, prior to 

the emergence of TFs and effector molecules dedicated to fostering the slow, adaptive 

compartment. Moreover, in mammals, the TF network for fast responses is largely 

constructed in the fetus, before functional adaptive immunity is established. Thus, ILE cells 

are built for speed—in evolution, in ontogeny, and in early phases of differentiating cells—

exploiting versatile, shared gene regulatory circuits for immediate reactions against invasive 

microorganisms.
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DIVERSITY OF ILE CELLS

Operational Definition of Mammalian Lymphoid Immunity

In a simplified scheme the immune system can be described as an interconnected network of 

components of the two territories populated by fast-acting and slow-acting lymphocytes. 

Functional parameters of the former are hardwired, whereas pathogen-driven adaptive 

response initiated in naive, unprogrammed lymphocytes requires time to alter the chromatin 

landscape of clonal responders. The cost of exquisite pathogen specificity generated by the 

adaptive, inducible gene circuit is the potential danger associated with slower kinetics of 

response. This danger is mitigated by the fast response that, although not necessarily tailored 

to specific pathogens, does permit the initial confinement of foreign entities to sites of 

infection (3, 13). In metazoan (animal) evolution, immune responses that are slow are 

associated with more complex organisms (14, 15), suggesting that the fast innate response is 

the basic foundation of immunity that has been elaborated further to generate pathogen-

adaptive immunity. Thus, it is constructive to deduce molecular properties of fast lymphoid 

effectors to map basic molecular principles responsible for the division of labor in the 

immune system. This exploration has been led by the identification and characterization of 

TFs that impose unique, aggregate molecular features of distinct effector functions. Before 

we discuss the design principle of fast innate lymphocytes, we describe the spectrum of cell 

types belonging to this class. Although both fast responder T cells and ILCs are innate 

lymphocytes, given the nomenclature already established for mucosal ILCs (16), we refer to 

all fast-acting lymphocytes as ILE cells. Innate B lymphocytes, such as B1 cells, which will 

not be covered here, are also under thematically similar molecular control (17).

Fast ILE Cells Expressing γδ TCR

Tissue-localized murine γδ T cells are the prototypic innate T cells (18). The existence of γδ 

T cells was revealed in the early 1980s, when the genes coding for γδ and αβ TCRs were 

discovered; as such, γδ T cells were classified as adaptive T cells. However, it became 

apparent soon after that γδ and αβ T cells possess radically distinct kinetics of response: 

Specific subsets of γδ T cells were identified as the earliest lymphoid responders after 

infection and injury (18); they are primarily an alternative source of IFN-γ (19), mimicking 

natural killer (NK) cells, the first ILCs discovered (1, 20). Among these Th1-like cells 

(Figure 1) are the self-renewing, epidermal-resident T cells expressing the canonical Vγ3-

Vδ1TCR [dendritic epidermal T cells (DETCs) (21); the TCRγ nomenclature is based on 

Reference 22] and Vγ5TCR+ intestinal intraepithelial cells (iIELs) positioned as ordered 

sentries in the epithelial barrier (23–26). iIELs are necessary for optimal induction of 

antimicrobial compounds by the epithelia and prevention of deregulated inflammatory αβ T 

cell responses, and their maintenance is controlled in part by dietary aryl hydrocarbon (Ah) 

(25, 26).

The segregation of γδ T cells into distinct effector lineages was eventually established with 

the discovery of a neonatally derived γδ cell subset poised to produce both IFN-γ and IL-4 

(27), and the RORγt+, IL-17-producing γδ T cells (Tγδ17), which are the source of IL-17 

detected within hours after infection with Mycobacterium tuberculosis in the lung (28, 29). 

The former express semi-invariant Vδ6.3TCR and the TF promyelocytic leukemia zinc 
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finger (PLZF, Zbtb16), making them similar in properties to αβ T cells coexpressing an 

invariant TCR and NK cell markers (NKT cells, discussed below), and are referred to as γδ 

NKT cells (30–32). They are selectively expanded during bacterial infection, in particular by 

Listeria monocytogenes (33), and likely contribute to protecting the host from infection-

induced tissue damage (34). Tγδ17 cells primarily express Vγ2 or Vγ4TCR chains and 

promote efficient neutrophil recruitment to sites of infection (18, 28). More recently, murine 

dermal Tγδ17 cells have been identified as primary skin sentinels responsible for initiating 

acute skin inflammation, emphasizing the barrier-tropic tendencies of all innate γδ T cells 

(35–37). Notably, Vγ4TCR+ Tγδ17 cells are also essential for long-term anamnestic 

immunity against oral, but not systemic, L. monocytogenes infection (38), supporting the 

postulated existence of memory in innate lymphocytes (39). In the lung and gut, Tγδ17 cells 

produce IL-22 in a nuclear hormone receptor–dependent manner to modulate tissue fibrosis 

and inflammation, respectively (40, 41). The receptors for the vitamin A metabolite retinoic 

acid (RAR) and for Ah (Ahr) directly activate Il22 transcription, reinforcing the nutrient-

sensing capacity as one shared feature of ILE cells (25, 41, 42).

Importantly, the acquisition of effector function by γδ T cell subsets occurs primarily during 

intrathymic differentiation (18, 32, 43, 44). The extent of lineage diversification in the γδ T 

lineage was determined by taking advantage of the observed high degree of correlation 

between Vγ and/or Vδ gene usage and effector function. Comprehensive gene expression 

profiling [undertaken by the Immunological Genome Project (www.immgen.org; 45)] of 

immature γδTCR+ thymocyte subsets separated based on the TCR V gene usage 

unequivocally demonstrated that the lineage divergence occurs prior to or immediately upon 

TCR acquisition (32). The next intrathymic maturation step equips γδ T cell subsets with 

tools required for routing to target tissues by chemokine receptor induction (CCR6, CCR10, 

CCR9, and CXCR6 for Tγδ17 cells, DETCs, iIELs, and NKT cells, respectively) and 

cytokine synthesis. Given that the difference in transcriptomes between the γδ subsets is 

comparable in scope to the extent to which a γδ subset is divergent from αβ thymocytes 

(32), and dramatically greater than the constrained difference noted between CD4+ helper 

and CD8+ cytotoxic αβ thymocyte subsets (46), γδTCR+ thymocytes are composed of 

multiple prewired effector lineages that are presumed to undergo distinct developmental 

checkpoints prior to deployment to tissues. Thus, γδ T cells localized to the body barriers 

highlight three principal cellular properties of ILE cells: a division into effector subsets, 

precocious programming of effector functions in tissues of origin, and prewired body-

geography acuity.

Unconventional, Innate-Like αβ TCR+ T Cells

The thymus is the factory for the conventional, naive, adaptive αβ T cells that seed the 

lymphatic and blood systems. However, intrathymic T cell development is highly versatile 

and generates a plethora of unconventional T cell subsets that constitute ILE cells. That 

αβTCR+ T cells are not created equal and also contain fast, innate responders became the 

mainstream understanding after the discovery of αβ thymocytes that are capable of copious 

IL-4 and IFN-γ production prior to thymic egress (47). Some of these cells express the NK 

cell lineage marker NK1.1 and a unique Vα14-Jα28TCR chain and are referred to as 

invariant NKT (iNKT) cells (48). They recognize the nonclassical MHC class I molecule 
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CD1d (49), which presents phospholipids and glycolipids, the most famous being α-

galactosylceramide from marine sponges (50). NKT cells perform myriad functions in 

pathogen clearance and immune regulation, are localized to nonlymphoid tissues such as the 

liver, and are amenable for manipulation to treat inflammatory disorders and promote tumor 

rejection.

iNKT ILE cells act as a rapid, dual source of IL-4 and IFN-γ production, deviating from the 

conventional Th1 and Th2 dichotomy, by virtue of the entirely different class of effector-

specifying TF PLZF (51–53). Recent systematic gene expression studies have revealed that 

iNKT cells are more closely aligned with innate γδ T, NK, and memory CD8+ T cells than 

with conventional αβ T cells (54). Moreover, whereas it has been understood that iNKT cell 

development follows intrathymic stepwise maturational phase transitions after TCR 

engagement (55), evidence is emerging that the distinct thymic NKT subsets may not 

represent maturation intermediates but rather different NKT effector subtypes (56). In the 

classic model, the ability to turn on both IL-4 and IFN-γ was thought to be a property 

associated with a transitional, semimature state prior to the acquisition of NK1.1 expression, 

after which iNKT cells are terminally mature and only produce IFN-γ (57). A revised model 

posits that, like γδ T cell subsets, phenotypically distinct iNKT thymic subsets are 

functionally distinct lineages and that T-bet, PLZF, and RORγt generate IFN-γ+ NKT1, 

IL-4/13+ NKT2 (NK1.1−), and IL-17+ NKT17 cells, respectively (Figure 1) (56).

A close relative of the iNKT cell is the PLZF+ mucosal-associated invariant T (MAIT) cell, 

which also expresses an invariant TCR α-chain [Vα19-Jα33 (58)] and recognizes microbial 

riboflavin metabolites in association with another nonclassical MHC class I molecule, MR1 

(59). MAIT cells require commensals for full maturation and are enriched in the human 

intestinal lamina propria (LP), other sites in gut-associated lymphoid tissues (GALTs), and 

blood (60), where they respond to most, but not all, bacteria, presumably by recognizing 

conserved microbial products (59, 61). MAIT cells are relatively rare in inbred mouse 

strains unless they are infected by intracellular bacteria and yeasts, such as Francisella 

tularensis and Candida albicans (60, 62). Activated, functionally competent intestinal 

PLZF+ MAIT cells are detectable in nonlymphoid tissues, such as the lung and intestine, as 

early as the second trimester in human fetuses (63). MAIT cells exported from the thymus 

are phenotypically naive, and they acquire PLZF and RORγt expression soon after arriving 

in mucosal tissues (58, 63). They produce IFN-γ, IL-17, and IL-22 upon stimulation, but 

whether MAIT cells are also composed of distinct effector subsets has not been established 

(61, 63). A recent discovery of a human IFN-γ+ invariant αβ T cell subset restricted to the 

nonclassical MHC CD1b and recognizing a lipid glucose monomycolate derived from 

Mycobacterium tuberculosis (64) suggests that more iNKT-like innate αβ T cell subsets with 

unique TCRs exist in mammals.

Another prominent αβTCR+ ILE subset is the CD8αα+ T cells embedded in the intestinal 

epithelia that cooperate with γδTCR+ iIELs. They are distinct from pathogen-activated 

conventional memory cytotoxic T cells found in the intestinal epithelium that express 

CD8αβ heterodimers. The surveillance density for iIELs is high in the small intestine (1 

iIEL per 5–10 epithelial cells) but drops off considerably in the colon. Moreover, the 

sentinel composition is ordered, with γδ IELs more prevalent in the upper intestine and αβ 
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IELs in the distal regions (65). CD8αα+ αβ iIELs are generated by interactions between 

TCRs and self-ligands in the thymus (66) in the context of TGF-β signaling (67). CD8αα 

homodimers can bind to the stress-inducible, mucosal epithelia–biased MHC class Ib TL 

antigen (68), providing additional inputs in modulating iIEL activation. Testifying to the 

complementary functions of γδ and αβ iIELs, both are preloaded with abundant granzymes 

to kill infected epithelial cells (23) and are required for protection against Citrobacter 

rodentium, a model pathogen for human Escherichia coli infections (26, 41). CD8αα iIELs 

express CD160, a ligand for the multifunctional epithelial conduit herpes virus entry 

mediator (HVEM, Tnfrsf14), which is required for normal induction of antimicrobial 

peptides and the receptor for IL-22, the essential epithelial barrier–fortifying cytokine (26, 

69).

Arrayed alongside these αβTCR+ ILE cells in diverse tissues are hematopoietic MHC class 

II–selected, dual IFN-γ/IL-4-producing T cells (70); natural Th17 cells (71); innate PLZF+ 

CD4 T cells (72); and Eomesodermin (Eomes, a close relative of Tbx21)-expressing innate 

CD8+ T cells (31), which are all generated in the thymus and exhibit preprogrammed 

effector function. These T cell subsets share the features of an alternative intrathymic T cell 

selection process: First, their selection in the thymus is primarily, but not exclusively, based 

on nonclassical MHC class Ib molecules, such as CD1, MR1, T10/T22, Qa1, and H2-M3, 

that are highly conserved and relatively nonpolymorphic compared with classical MHC 

molecules (73). These MHC platforms, often induced upon infection or damage, 

accommodate pathogen-specific moieties such as glycolipids, riboflavin metabolites, and 

formylated methionine–containing peptides. Second, the selection process is often based on 

interactions with thymocytes, rather than with epithelial and professional antigen-presenting 

cells (74). This broadens the useful range of TCR-self ligand avidity by channeling 

conventionally forbidden self-reactivity to generate entirely different effector T cell subsets. 

Third, the selection entails the expression of innate or memory T cell–biased TFs, such as 

PLZF, EOMES, and ID2 (31, 75, 76), that make up the core TF regulatory networks of ILE 

cells, as elaborated below.

ILCs, TCR-Less T Cells?

Mammalian slow adaptive immunity is built upon a substratum of lymphoid surveillance for 

host integrity that operates independently of clonal antigen receptors. This construct was 

reinforced by the recent discoveries of ILCs (77–81) that are related to NK cells and 

lymphoid tissue–inducer (LTi) cells, the former being the prototypic ILCs activated by 

viruses and the latter identified as facilitators of lymphoid tissue genesis by providing 

lymphotoxins (LTs) (82). ILCs are closely aligned with innate T cells in development and 

function, sharing common features such as predominant localization to mucosal tissues, 

including the gut and lungs; preprogrammed segregation into effector subsets along the 

same principle as TCR+ ILE cells; and utilization of T cell regulatory gene circuits. 

Although the new classification of the diverse ILC subsets has stressed commonality to 

conventional NK (cNK) cells (16), shared regulators of the earliest steps of T cell and ILC 

subset specification argue for a more integrated lineage relationship with T cells.
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Conforming to the division of labor classification of T cells, murine ILCs are segregated into 

three subsets based on cytokine signatures (Figure 1). ILC1s produce IFN-γ in a T-bet- 

and/or EOMES-dependent manner and include cNK cells (83–85). ILC2s produce copious 

amounts of type 2 cytokines IL-5 and IL-13, and some IL-4 upon encounter with diverse 

pathogens, most notably the parasitic worm Nippostrongylus brasiliensis (80, 81, 86). ILC3s 

encompass the prototypic ILC subset, LTi cells and others of various cell surface 

phenotypes that secrete LTα/β [required for lymphoid tissue organogenesis (87–89)], and 

the type 3 cytokines IL-17 and IL-22 (77–79, 90), which have evolved to protect against 

enterogenic pathogens such as C. rodentium. Murine ILC3s expressing the NKp46 NK cell 

receptor can also produce IFN-γ in a T-bet concentration–dependent manner (91, 92), 

reminiscent of pathogenic Th17 cells that produce both IL-17 and IFN-γ (93). These three 

ILC subsets are generated under the control of the same TF networks that determine CD4+ T 

cell subset differentiation: IFN-γ, IL-5/13, and IL-17/22 production in ILC subsets is 

programmed by T-bet/EOMES (94–97), GATA3 (98–100), and RORγt (88), respectively. 

However, additional TF nodes that do not conform to the CD4+ T effector differentiation 

gene circuit distinguish ILCs from CD4+ αβ T cells: Some examples are RORα, which 

contributes to Th17 development and is necessary for the generation of ILC2s but not ILC3s 

(12, 101, 102); T-bet, which is required for NKp46+ ILC3 generation but has no role in 

IL-22 production by T cells (91, 92); and PLZF, which is required to generate ILC2 and 

ILC3 subsets (103) but which among T cells only governs the functional maturation of NKT 

cells and their close ILE relatives (104).

TF NETWORKS OVERSEEING INNATE LYMPHOID LINEAGE SPECIFICITY

Organized TF Modules Regulating Lymphopoiesis

Modules of coordinately regulated genes are often shared among distinct hematopoietic cell 

types, and unique amalgamations of available modules confer cell identity (105–109). Each 

of these modules contains apex regulatory TFs that specify both positive and negative net 

activities of the component genes of a given module (45, 110). Effector repertoires of 

distinct layers of ILE cells are comparable as a consequence of shared core regulatory TF 

networks that are responsible for specifying effector cell lineage fate. Hence, mapping 

interconnectivities of TFs across ILE subsets is necessary for tracing evolutionary 

diversification of lymphoid effector subtypes and identifying limited numbers of 

distinguishing gene nodes embedded in the common regulatory circuits that ultimately make 

a cell phenotypically and functionally unique.

The current hierarchical TF framework for constructing T cells and distinct effector 

subtypes is robust, and much of the effort in mapping gene circuits in ILE subsets is based 

on the existing modular gene networks of T cells (111–114). Recent insightful reviews on 

ordered and coordinated activities of TFs at different phases of T cell development and 

during innate and adaptive effector subset differentiation have been published in this journal 

(e.g., 115). Hence, the main focus here is not to catalog all known TFs involved in lymphoid 

effector lineage specification. Rather, we highlight the basic TF network commonality of 

ILE cells in a simplified framework. Within the confines of the shared mainframe, select 
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strategies of nodal TF modifiers that have been incorporated to generate specialized cell 

types are discussed (Figure 2).

Apex TFs of T Cell Development: NOTCH-TCF1 and E2A

ILE subsets at the mucosal barriers share the regulatory TF network of T cells first identified 

in the early thymic progenitors (ETPs: cKit+IL-7RloCD44+CCR9+ thymocytes that do not 

express hematopoietic lineage-specific markers, Lin−). The core apex TFs of T cell 

development are NOTCH, TCF1, GATA3, and E2A and its regulators, inhibitor of DNA-

binding (ID) proteins (116–121). Whereas the T cell lineage specification is initiated by 

NOTCH1 and orchestrated by its target, TCF1 (mouse Tcf7) (122–124), the earliest steps of 

mucosal ILC differentiation are governed by ID2, which titrates the class 1 basic helix-loop-

helix (bHLH) TFs E2A and HEB, and others (85, 125, 126). In a streamlined scheme 

(Figure 2a,b), the binary decision of progenitors to generate T cell– or ILC-committed 

progenies entails two discrete but eventually interlocking events: First, antagonists and 

modulators of HLH E proteins calibrate the aggregate activities of self-reinforcing TCF1 

and E2A, which directly control Tcr gene accessibility and Rag1/2 induction (120, 127); and 

second, integration of additional TF nodes in committed progenies permits fast effector 

programming of ILE cells.

The genetic framework of T cells is thus constructed of two connected hubs (Figure 2a): 

NOTCH-TCF1 and E2A, which interacts with multitudes of TF nodal inputs. Intrathymic T 

cell development is absolutely dependent on TCF1, a nuclear effector of canonical WNT 

signaling (128, 129) and a member of a large family of high-mobility group (HMG) box TFs 

that are essential for programming ILE function, as expanded below. HMG TFs are 

architectural TFs binding to the minor groove of DNA and providing structural platforms for 

the formation of multicomplex transcriptionary machines (130). TCF1 operates in 

conjunction with hematopoietic TFs inherited from blood-borne multipotent progenitors, 

with Ikaros (Ikzf1), E2A (Tcf3), Myb, Runx1, Gfi1, and Sox4 prominently constructing the 

lymphoid context in which TCF1 specifies T cell fate (106, 108, 119). NOTCH1 and TCF1 

induce Hes1, Gata3, and Bcl11b; together these bring about T cell lineage specification, 

which involves turning on genes essential for T cell development [HEB (Tcf12), Rorc, Lef1, 

Gata3, Id3] (121, 122, 124, 131) and suppressing genes of progenitors and alternate cell 

fates, such as B, NK, and dendritic cells [PU.1 (Spi1), Bcl11a, Hhex, Id2, Lmo2] (132–135). 

GFI-1-mediated suppression of Id2 (136, 137) in concert with TCF1 (138) and BCL11b may 

be critical to limiting the development of ID2-dependent thymocytes.

The ILC Network: Variations on the Apex TF Network Centered on ID2

That there exists an extensive overlap in the lineage origins and molecular compositions of 

T cells and ILCs is underscored by the finding that the historically termed T cell–committed 

thymic precursors (cKit+IL-7R+CD25+CD44+Lin−, termed DN2) can give rise to thymic 

NK cells and ILC2s (101). The two key distinguishing features of the regulatory circuit of 

ILCs originating from clonogenic lymphoid precursors (CLPs: cKit+IL-7R+FLK3+Lin−) are 

the prominence of ID2 as a decisive switch that dampens E2A activity (80, 125, 139) and 

modulated dependence on NOTCH signaling (126), which together institute an innate-biased 

program (Figure 2b). NOTCH-TCF1 is dispensable for cNK cell development but critical 
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for ILC2s (101, 140). Within ILC3 subsets there is further parsing, with adult 

NKp46+IL-22+ ILC3s being the most reliant (36, 141, 142), whereas for LTi cells, NOTCH 

is required for the earliest stages of development but sustained signaling prevents maturation 

(126). A similar need for noncontinuous NOTCH signaling was observed with murine γδ 

ILE cells (143).

Within the modified NOTCH circuit, ID2 enforces the ILC regulatory network by 

dampening E2A activities. ID2 was identified as an early marker of innate T cells, 

preferentially expressed in thymic and bone marrow NK progenitors (144, 145) and other 

αβTCR+ T cells with preprogrammed effector function such as CD8αα+ T cells (146, 147) 

and iNKT cells (148). In TCR+ ILE cells, ID2 functions in concert with ID3, but its impact 

is often constrained to cell maintenance (75, 76, 149). Id2 is required for the development of 

all ILC subsets from CLPs (80, 125), except thymic NK cells (150). ID2+ ILC progenitors 

(termed common help-like ILC progenitors, ChILPs) have lost the capacity to differentiate 

into adaptive T and B cells but possess the potential to generate all ILC subsets, except cNK 

cells, in vivo (85). Importantly, ID2+ ILC progenitors (IL-7R+α4β7+CD25−Lin−, ChILPs) 

do not express ILC subset–defining TFs (RORγt, T-bet, EOMES) other than GATA3. This 

finding suggests that, as in the T cell lineage, distinct functional effector subsets arise after 

the ILC lineage program is specified in progenitors.

The ID2 hub is connected to NFIL3, TOX, and GATA3 nodes to orchestrate the 

development of all ILCs (Figure 2b), with variable outputs impinging on NK cells. To 

illustrate, whereas GATA3 is required for the development of all IL-7R+ ILCs (99, 100), 

bone marrow–derived cNK cell development is relatively intact in the absence of Gata3, but 

thymic NK cell development is impaired and Gata3-deficient cNK cells are incapable of 

IFN-γ production (100, 150). Conversely, NFIL3, a basic leucine zipper TF, is required for 

the development of EOMES-expressing, mature cNK cells (151) but not mucosal tissue-

resident NK (trNK) cells (152). Nfil3 is expressed in CLPs prior to Id2 induction, and NFIL3 

binds to cis-acting DNA regulatory elements (CREs) of Id2 and Eomes to promote their 

expression (153) and may conversely dock onto the Rorc CRE to inhibit its expression 

(154). ILC subsets other than trNK cells also fail to develop robustly in the absence of Nfil3 

(155, 156). Although TCR+ ILE cells have not been analyzed in depth, the development of 

adaptive T cells is normal in Nfil3−/− mice. Together, these results indicate that NFIL3 is a 

candidate apex TF for nearly all ILCs.

TOX is another HMG box TF that has pleiotropic effects on multiple lymphocyte subsets. 

When it is absent in mice, NK, LTi, and NKp46+ ILC3 development is impaired (157). The 

link between TOX and Id2 in NK cell development is unclear, as the defects in NK cell 

development cannot be corrected by enforced expression of exogenous Id2 (157), suggesting 

that TOX may function in a parallel circuit to the ID2 hub, with a possible convergence in 

target gene regulation. CD4+ αβ T cell development is also severely impaired in Tox−/− 

mice, in part because TOX regulates the expression of the key CD4 T cell lineage–

specifying factor Th-POK (Zbtb7a) (158). So far, TOX has not been reported to be essential 

for γδTCR+ ILE cells, but its closest relative, TOX2, is exclusively expressed in γδ T cells 

(www.immgen.org), suggesting that TOX2 may perform some of the functions of TOX in γδ 

T cell development.
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Whereas it was intuitive that ILC progenitors are marked by Id2 expression, a surprising 

finding was that a subset of ILC progenitors expressed PLZF transiently during ILC subset 

lineage specification (103). As described, PLZF is the dominant NKT cell programmer. 

These ID2+PLZF+ precursors are essentially devoid of RORγt but actively transcribe Tcf7, 

Tox, and Gata3 and display substantial ILC subset generative capacity in vivo, except for 

cNK and LTi cells. Analysis of developmental potential of Zbtb16-deficient bone marrow 

stem cells showed that PLZF is required for normal ILC2 and trNK (CD49a+DX5neg) cell 

development but appears to exert lesser influences over other ILC subsets. These results 

suggest that PLZF+ ILC precursors lie downstream of ChILPs (85). In aggregate, like 

conventional T cells, all ILE cells, except some ILC1s, are dependent on IL-7 for 

development (159), and ILCs require the same set of core TFs (NOTCH-TCF1, GATA3, 

E2A, and ID2/3) as T cells, although the regulatory domains of these TFs are distinct 

between T cells and mucosal ILCs.

Variations on the TCF1-Controlled Network Generate TCR+ ILE Cells

An alternative variation on the core T cell regulatory hub incorporates two HMG TFs, 

SOX13 and SOX4, to generate ILE cells that express TCRs (Figure 2c). Once ETPs become 

restricted in developmental potential to T cells (cKitint DN2, termed DN2b), TCR and 

NOTCH signaling delivers the precursors to the CD4+CD8+ (double positive, DP) state 

from which mature αβ thymocytes of adaptive and ILE lineages arise, depending on the 

specificity of the TCR (55, 66). γδTCR+ ILE cells diverge at the DN2 stage (160), and for 

Tγδ17 cells, they cannot be generated from precursors beyond this point (36, 161). This 

stage is also the pivot point where further maturation potential to become NK cells and 

ILC2s is lost (101).

Although data are not complete, so far the largest TF family that regulates ILE 

differentiation is made up of HMG TFs, two of which have already been highlighted, TCF1 

and TOX. HMG TFs are classified into three groups based on the specificity of the HMG 

domain for target gene CREs: TOX; sex-determining region Y (SRY)-related HMG box 

(SOX); and TCF/LEF-1. Of these, the SOX TF family is the most diverse, with more than 

20 members segregated into subgroups based on HMG domain homologies (162). The CREs 

recognized by diverse HMG TFs are group specific, with some shared characteristics (163). 

In vivo competitive-binding affinities of different HMG TFs for a given consensus CRE 

have not been studied in detail. Nevertheless, theoretical permutations in the number of gene 

regulatory modes of HMG TFs are very high given the inter- and intragroup interactivity as 

well as the combinatorial association of diverse co-TFs and chromatin regulators. 

Deployments of multiple closely related HMG TF family members in one cell type entail 

some functional redundancies as well as plasticity in the gene networks they supervise. A 

systematic application of this design principle operates to produce γδTCR+ ILE cells, which 

require several HMG TFs that are expressed from the ETP stage onward, most notably 

SOX13 and SOX4 (Figure 2c).

In thymocytes, Sox13 is expressed exclusively in immature γδTCR+ thymocytes (164) and 

during the first phase of Vα14+ iNKT cell development (54). In the fetal ontogeny, SOX13 

controls the overall number of γδTCR+ thymocytes produced (164). In adults its major 
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function is to maintain the production of Tγδ17 cells, where its expression is the highest 

(36). SOX13 is the primary inducer of IL-7R (165) and another γδ T cell–specific gene, 

Etv5, in Tγδ17 cells (110), both critical for the subset’s differentiation and maintenance. 

Among the known convergent targets, SOX13 and SOX4 cooperatively control the two 

requisite Tγδ17 genes, B lymphoid kinase (Blk) and Rorc (Figure 2c) (36). In contrast, SOX4 

is not essential for Rorc expression in immature αβ thymocytes or during Th17 cell 

differentiation. This restricted domain of function may be linked to the possibility of TCF1 

displacing SOX4 to control Rorc transcription in αβTCR+ thymocytes (124, 166, 167), and 

the TCR/IL-6-STAT3 induction of SOX5 [a SOX13 sibling (164)], which operates as an 

integrator of cytokine receptor and TCR signaling to promote Rorc transcription in Th17 

cells (168). Thus, sequential docking of SOX4 (in precursors), TCF1 (thymocytes), and 

SOX5 (T cells) to the target gene CRE can perpetuate a regulatory gene circuit, with distinct 

inducers of each TF dictating the operation time frame of the circuit as needed. A similar 

serial engagement of SOX proteins has been reported to regulate neuronal cell 

differentiation (169).

SOX4 was initially identified as an essential TF of hematopoiesis and B lymphopoiesis 

(108, 170). SOX4 is broadly expressed among thymocyte subsets, but expression is 

particularly high in precursors and TCR+ ILE subsets. SOX4 functions in ILCs have not yet 

been characterized in depth, but Sox4 is normally repressed by GFI-1 in ILC2s, presumably 

to inhibit aberrant IL-17 production (171). Testifying to the communal gene network of ILE 

cells, iNKT cells, but not conventional αβ T cells, are absolutely dependent on Sox4 for 

differentiation. However, in contrast to its role in Tγδ17 cells, SOX4 is dispensable for Rorc 

transcription in αβ iNKT cells (N. Malhotra, unpublished observations). This divergence 

dovetails with the hybrid nature of iNKT cells (54), blending the innate programming and 

adaptive TCR signaling components that construct an entirely distinct developmental 

program (55, 172).

The major interacting partner of SOX13 and SOX4 is TCF1 (164, 173), and the global 

chromatin occupancy pattern of TCF1 in γδ T cells is controlled by SOX13 (J. Kang, 

unpublished observations). Although γδTCR+ thymocytes are generated in Tcf7−/− mice, 

their effector subset programming is grossly imbalanced, with an overload to the Il17 

inductive state (36), consistent with an inhibitory role of TCF1 in Il17 transcription in αβ T 

cells (174). TCF1 promotes IFN-γ+ effectors, in part by modulating Lef1 and Eomes, and 

SOX13, in turn, can inhibit TCF1 function and repress the expression of Lef1 (36). Hence, 

insertion of one modifying Sox13 node onto the core T cell regulatory gene circuit can 

radically alter its functional outputs (Figure 3c). Indeed, whereas thymocytes expressing 

γδTCR or αβTCR are highly divergent in global gene expression profiles [~10% of genes 

expressed in at least one lineage with ≥2-fold change in relative expression values (32)], 

only three TFs, SOX13, ETV5, and TOX2, have been classified as γδ T lineage specific 

(www.immgen.org), indicating that a large-scale alteration in the output of the T cell TF 

regulatory circuit can be achieved by a limited number of nodal innovations that affect the 

regulatory hub.
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A Distinct Combination of HMG TFs Regulates αβTCR+ Effector Subsets

Adaptive CD4+ T cell effector differentiation is ruled by TCR signaling in conjunction with 

the cytokine milieu created by infections and the host innate immune responses. Cytokine-

induced STAT proteins in concert with TFs induced by TCR signaling, most notably IRF 

and BATF, are principal enforcers of effector lineage fate, distinctly controlling the 

expression of T-bet, GATA3, and RORγt (Figure 2d) (96, 111, 175–178). The ILE effector 

lineage TF circuitry is, for the most part, subsumed in naive adaptive αβ T cells, but upon 

activation of the T cells it becomes critical in at least three major components of adaptive 

immunity.

First, TCF1, LEF1, SOX5, and ETV6 (most closely related to ETV5, which is operative in 

Tγδ17 cells) are central modulators of Th17 cell differentiation (111, 167, 168, 174, 179, 

180). Second, the NOTCH TF (intracellular N-terminal-truncated NOTCH) enhances the 

outputs of all regulatory gene circuits of Th subsets (181), and TCF1 promotes Th2 

differentiation by inducing GATA3 (182). Conversely, SOX4 has been shown to oppose the 

development of Th2 cells by inhibiting GATA3 function (183), recalling the contrasting 

function of TCF1 and SOX4 in Tγδ17 differentiation (36). Third, the ILE regulatory 

network regains a widespread propagation during the acquisition of an antigen-specific 

memory state by adaptive T cells. TCF1 is necessary to generate memory CD8+ T cells, 

accomplished in part by inducing the expression of EOMES (96, 184, 185). In vitro studies 

suggested that SOX4 can affect key regulatory nodes underpinning the memory state, 

including Id2, Tcf7, and Eomes, but the exact functional network connectivity in vivo has 

not been decisively established (109). ID2 and ID3 expression is induced after TCR 

signaling, and they control the generation of naive αβ T cells (186) and memory CD8+ T 

cells after pathogen encounter. In the latter process, higher amounts of ID3 favor the 

memory state, whereas enhanced ID2 expression is associated with the acute effector state 

(187). The commonality of molecular events occurring after naive αβ T cell activation and 

during ILE differentiation is clear, as ILE cells are exported from tissues of origin as 

activated, memory-like, and often long-lived lymphocytes. In aggregate, the ILE TF 

regulatory networks are fundamental for the generation of diverse cell states after activation, 

and they are likely the initial generator of lymphocyte division of labor in vertebrates. To 

focus adaptive lymphocytes for clonal TCR–mediated instructive signals, a developmental 

phase has been imposed on them whereby a prolonged naive state has been instituted. This 

phase involves active suppression of the intrinsic ILE TF circuits (124, 186, 188, 189) and 

rewiring of the network in which TCR signal intermediates become the primary arbiter of 

adaptive αβ T cell lineage fate.

EARLY EVOLUTIONARY ORIGIN OF ILE REGULATORY CIRCUITS

A Window to the Genesis of ILE Subsets in Animal Evolution

The core design principles of ILE regulatory gene circuits have been established in 

evolution. Thus, understanding the construct first requires knowledge of the evolutionary 

timing of the emergence of the regulatory network components. This daunting challenge is 

now approachable, given the recent explosion of whole-genome sequencing of primitive 

extant holozoans (all gene annotations are based on Ensembl, unless noted otherwise). TFs 

Kang and Malhotra Page 12

Annu Rev Immunol. Author manuscript; available in PMC 2015 December 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



controlling T effector cell lineages in mammals did not emerge until vertebrates, but their 

homologs exist in the earliest animals and fungi. The complexity of the lymphocyte-relevant 

gene circuits, most notably the number of siblings in each TF family, correlates with the 

degree of multicellularity and is only evident during metazoan evolution. In particular, the 

TF family explosion can be traced to the Cambrian period, when bilaterians diverged from 

the earliest holozoans (190) (Figure 3). Here, the focus is on the effector lineage–specifying 

TFs, the HMG superfamily, bHLH, GATA, T-bet/EOMES, PLZF, and retinoid nuclear 

hormone receptors. We merge two datasets to estimate the sequence in which distinct 

lymphoid effector types originated. The first traces the emergence and diversification of the 

TFs and the advent of innovative effector molecules during animal evolution in the last ~580 

million years (191). The second tracks the TF expression patterns among hematopoietic cell 

subsets of various species, where available. It is important to note that the complexity of 

most of these TF families and the upstream factors that regulate them, such as WNT, TGF-β, 

and NOTCH, most often predates, and does not necessarily correlate with, the evolution of 

increasingly diversified immune systems, given that they also direct fundamental body plans 

and multiple tissue generation (192). Thus, caution is needed when drawing conclusions 

from genome datasets about functional TF interconnections without hematopoietic lineage–

specific information.

The Earliest ILE Subset Identified Is Tγδ17 Cells

To date, the most convincing phylogenetic evidence for a vertebrate ILE subset is γδ T cells, 

discovered in the jawless vertebrates lampreys and hagfishes and characterized by the biased 

expression of a Sox gene [likely an ortholog of Sox30 or Sox13 by Ensembl, but referred to 

as Sox13 by Hirano et al. (193)]. These SOX13+ T cells express highly diverse, somatically 

generated variable lymphocyte antigen receptor C (VLRC) locus proteins containing a 

leucine-rich repeat (LRR) domain found in other innate sensors of pathogens (15). The VLR 

generation is activation-induced (cytidine) deaminase (AID) dependent but recombination 

activating gene (RAG) independent (194). Unlike the lymphoid tissue–resident VLRA+ αβ 

T cell equivalent, VLRC+ T cells are preferentially localized to the skin, like their 

mammalian counterparts, and are potentially capable of IL-17 (B/C/D) production, albeit 

with lower transcript amounts at the population level as compared with VLRA+ T cells 

(193). This remarkable finding strongly suggests that the different genetic blueprints for 

mucosa-homing innate T cells and lymphoid tissue–resident T cells with adaptive features 

predate divergent strategies for equipping T cells with clonal antigen receptors. The absence 

of Rag genes in lampreys (195) and their precocious emergence in sea urchins, further down 

the evolutionary tree (196), presage acquisition of different gene clusters dedicated to 

antigen sensing and tailoring of them to the preexisting gene networks geared for unique 

effector profiles, rather than the other way around. The same conclusion is inescapable in 

mammals, as γδTCR or αβTCR expression does not dictate whether the cells are fast innate 

or slow adaptive effectors. Therefore, the regulatory TF networks take precedence over 

pathogen-sensing machineries in specifying lymphoid effector cell fate.

Stepwise Emergence of ILE TFs and Cytokines in Holozoan Evolution

Tracing the origin of the effector-specifying gene networks is essential to the pursuit of the 

design principles of the mammalian immune system. We start by briefly summarizing 
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evolutionary diversification of the effector-defining TFs and cytokines, with an emphasis on 

those currently known to regulate both innate and adaptive effectors, in the order they 

evolved in holozoans, and then synthesize a possible timeline of the successive emergence 

of ILE subsets.

Sequence-specific HMG TFs—One of the earliest TF families in all organisms is the 

HMG TFs (197–199). Although these regulators are present in the genomes of lower 

eukaryotes, more complex HMG TFs that recognize CREs and participate in modulating 

WNT signaling did not emerge until the metazoans. Fungi are equipped with one distantly 

related TCF gene (ScRox1p), and the closest extant unicellular relatives of animals, the 

choanoflagellates Monosiga brevicollis, have a homolog of the protostome (including 

insects, bivalves, and worms) HMG TF Capicua (Cic), which is critical for dorsoventral 

patterning of the embryo (200). True orthologs of mammalian TCF are acquired in Porifera 

(sponges), the earliest branch of metazoans, with one Tcf gene in Amphimedon and two in 

Sycon ciliatum (201, 202).

SOX-like TFs are found in lower holozoans (Figure 3), with a rapid evolutionary 

diversification in Porifera, where a cluster of Sox genes are acquired and maintained: S. 

ciliatum has 11 Sox genes belonging to 4 distinct subfamilies, but choanoflagellates only 

contain one distantly related Sox gene (200, 203, 204). The mammalian SOXB/C (Sox4)/E 

subfamilies appeared first, along with Tox, in holozoan evolution and are present in sponges 

(201). The SOXD family members (Sox5/6/13) likely arose last, at the time of the first 

bilaterians (190), where Sox5 is represented in the genome of cnidarians (the sea anemone 

Nematostella vectensis and jellyfish, among others) and a Sox13-related gene is present in 

protostome deer ticks (205). Two SOXD TFs, Sox5 and a Sox13/30-related gene, have been 

annotated in the lamprey genome (195).

bHLH—These TFs are ancient; the DNA-binding motif is found in fungi, and there are 

approximately 70 genes in bilaterians (206). E2A and HEB (class 1) construct the lymphoid 

transcriptome and are essential for T lymphocyte development in mammals (117, 120). The 

ancestral class 1 bHLH TF Hey is evident in the genome of sponges, placing the origin of 

positive regulators of hematopoiesis at the root of Metazoa (206). The ID bHLH TF family 

in mammals consists of four genes, and its ortholog in insects is Emc, homologs of which 

are present in at least one species of sponges (191) and in the genome of cnidarian 

Nematostella. An Id2 homolog was first catalogued in sea urchins (Figure 3) (207), and 

homologs of most vertebrate TFs directing hematopoiesis are operational in adult 

echinoderm coelomocytes, amalgams of immunocytes that respond to microorganisms (207, 

208), supporting the timeline of the emergence of the common hematopoietic gene network 

at the time of deuterostome divergence, about 560 million years ago (Mya).

GATA—Zinc finger TFs of this type (two zinc fingers, four cysteine residues) are found in 

multiple branches of the eukaryotic tree. In the holozoan phylogeny they are absent in the 

genome of choanoflagellates, and they appear first in sponges, where a single Gata gene 

serves as an endomesoderm differentiation regulator (202). The emergence of two distinct 

classes of Gata genes is clear in deuterostomes; they eventually reached their zenith in 
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mammals where three genes in each class make up the full complement. Gata1-3 are 

primarily expressed in hematopoietic cells, and sea urchins express Gatac and Gatae, with 

the former being a homolog of the mammalian hematopoietic Gata genes. Gatac is 

preferentially expressed in immature precursor immunocytes and is necessary to generate 

daughter blastocoel cells that participate in immune responses in the sea urchin larvae (209). 

The specialization of Gata3 as a lymphoid regulator has presumably occurred in the 

common ancestor of vertebrates, given that the nearest chordate relatives, tunicates, lack 

Gata3 (210). In lampreys, the division into T and B cells is further cemented by distinct 

expression patterns of effector-determining TFs, including GATA3, which is expressed in 

greater amounts in αβ T cell equivalents relative to SOX13hi γδ–like T cells and not 

expressed significantly in lamprey B cell equivalents (193).

T-box TFs—EOMES and T-bet drive the transcription of Ifng, and they belong to the T-

box Brain (Tbr) subfamily of a large cluster of T-box TFs. Whereas the original T-box TF, 

Brachyury (Bra), is found in Filasterea (211), some in the holozoan branch, such as 

choanoflagellates, have not retained any T-box TFs, and Amphimedon (sponges) has lost 

Bra (190). This discontinuity is also apparent with the Tbr subfamily, which has a sponge 

ancestor, but was lost in other lower metazoans until the emergence of bilaterians (211, 

212). A Tbx21 homolog is found first in lampreys, prior to the existence of the Ifng gene. An 

Eomes homolog is then found in cartilaginous fishes (Callorhinchus milii, elephant shark, a 

holocephalan, early cartilaginous fish that diverged from bony vertebrates 450 Mya), where 

the Ifng gene first emerges (213).

PLZF: Zbtb16—Zbtb16 belongs to a large family of zinc finger and BTB (broad complex, 

tram-track, bric-a-brac) TFs and is a unique marker of ILE cells responsible for turning on 

both type 1 and type 2 cytokines, a hallmark of NKT and NKT-like cells. Zbtb16, among its 

diverse activities, controls spermatogonial stem cell renewal, and the translocation of this 

gene to the Rara locus is a causative transformation event in acute myeloid leukemia (214). 

Caenorhabditis elegans EOR-1 (215) and Drosophila CG6792 (216) have been identified as 

mammalian PLZF orthologs, indicating the likely origin of mammalian PLZF in bilaterians. 

The two protostome genes are regulated by RAS/ERK signaling during development, 

paralleling the direct RAS-EGR2 induction of PLZF in iNKT cell development in rodents 

(104). In chordates, one Zbtb gene has been annotated in the genome of tunicates (217); it is 

most closely related to Zbtb17 (Miz-1), which has multiple functions, including the 

regulation of IL-7R expression (218). A Zbtb16 homolog is first found in lampreys (195), 

but its expression pattern among lymphoid cell subsets has not been reported.

ROR—RORα and RORγ are nuclear hormone receptor TFs critical for fundamental 

biological processes such as circadian rhythm regulation, cerebellum development, and 

lymphoid tissue generation (219). RORα/γ may normally function as sensors of lipid 

homeostasis, given that one of their few candidate natural agonists is 7-oxygenated sterol 

(220), which is an important intermediary in bile acid metabolism. Ancestral Ror genes 

Nhr-23 and Hr-46 evolved in protostomes C. elegans and Drosophila, respectively, and are 

related to Ror (two transcripts) in the genome of tunicates. The Rorb ortholog Rorcb is 

found in lampreys (Figure 3), and a Rora homolog first emerges in elephant sharks (213). 
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Rorc, however, is an evolutionarily recent innovation: The gene is missing in jawless 

vertebrates (195) and elephant sharks (213). Rorc is first recognized in teleosts (ray-finned 

fishes), with basal expression in lymphoid tissues and the gut that can be further induced by 

bacterial challenges (221). In rodents, RORγt is highly expressed in αβ DP thymocytes, 

where it prolongs survival and allows the assembly of Tcr genes that rearrange late in DP 

cells, such as the Vα14 gene segment of iNKT cells. Hence, Rorc−/− mice lack not only 

ILC3s and Th17 and Tγδ17 cells, but also iNKT cells (222). In the fish thymus, a Rorc 

paralog is only expressed marginally (223), suggesting that there have been additional 

modifications in the Rorc CRE and/or incorporations of innovative inducers to allow 

constitutive expression in thymocytes, thereby facilitating the TCR-mediated selection.

Cytokines—Effector molecules that define CD4+ Th subsets are not found in 

invertebrates, except for the members of the TNF and IL-17 family (207). IL-17 has 

structural similarity to cysteine-knot growth factors, such as TGF-β and nerve growth factor 

(224), distinguishing it from all other mammalian cytokines. The echinoderm purple sea 

urchin genome contains ~30 genes with similarity to Il17, but no clear evidence for other 

interleukins before chordates has emerged (207). Nematodes express a protein with some 

similarity to IL-17C (225), and oysters have retained five invertebrate Il17 genes (226), 

indicating an ancient function of IL-17 in lower animals that has been preserved and 

expanded in mammals, despite the emergence of other cytokines with similar activities. One 

most likely primordial function of IL-17 is the maintenance of mucosal epithelia integrity 

(226, 227), and the IL-17 expression pattern in lampreys (228) is consistent with this 

supposition, as the tissue barriers express high amounts of IL-17. Another basic activity of 

IL-17 is its role as an alarmin. In hemocytes (primitive hematopoietic tissues) of oysters, 

IL-17 is rapidly induced upon bacterial exposure (225). IL-17A/F can mobilize other innate 

lymphocytes to the site of infection, such as phagocytes/neutrophils and NK cells during 

bacterial and fungal infections, respectively, and prime their function (229). From this 

vantage point, the tissue residency of effector cytokine-producing cells is a fundamental 

defensive strategy, complemented by the emergence of adaptive immunity and the 

secondary lymphoid tissue network, which has permitted additional layers of roving 

defensive units that can be recruited to tissue sites of infections.

Definitive evidence for cytokines specifically required for ILE development and function 

prior to cartilaginous fishes is also scant. A gene encoding the pan-lymphoid cytokine IL-7 

first appeared in the vertebrate cartilaginous fish C. milii, despite the existence of highly 

complex lymphocytes in the lower jawless vertebrates (193). Orthologs of the lymphoid 

tissue–inducing factor LTβ, indispensable for secondary lymphoid tissue genesis, have not 

been uncovered in teleosts that lack LNs; only a distantly related LTα gene has been 

identified (230). IL-17 may promote the generation of inflammation-induced ectopic 

lymphoid tissues in species lacking LTβ and an organized lymphatic system (231). IFN-γ is 

central to defense against pathogens by virtue of its ability to kill infected cells and activate 

the myeloid cell types mediating the classical innate immunity, which is coordinated by 

pathogen-associated molecular pattern receptors. Genes with sequence similarities to Ifng 

have not been uncovered in vertebrates prior to cartilaginous fishes either, suggesting that 

other inflammatory cytokines that predate IFN-γ, namely, TNF, IL-1, IL-6, and IL-8, (195) 
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are functionally sufficient in lower animals and/or that there are IFN-γ-equivalent cytokines 

with highly divergent sequences present in chordates. The type 3 cytokine IL-22, essential 

for barrier and mucosal tissue homeostasis (69), and an ancestral Il4 gene emerged in 

cartilaginous fishes (213). Clear evidence for IL-5 and IL-23, a mammalian inducer of 

IL-17, before bony vertebrates (teleosts and beyond) is lacking. These results suggest that 

cell types capable of production of a limited repertoire of type 2 cytokines against parasites 

likely existed in the earliest jawed vertebrates, but their identity is unclear, as the existence 

of CD4+ lymphocytes in the cartilaginous fish C. milii has been questioned (213).

A Model of Sequential Appearance of ILE Subsets in Evolution

The following model of effector lineage diversification integrates the evolutionary 

emergence of effector-subset-determining TFs with an enhanced granularity in the definition 

of lymphoid cell subsets and effector molecules of lower vertebrates and can serve as a 

starting point for further refinements. The first possible ILE subset that arose is IL-17-

producing γδ T cells in lampreys, ~550 Mya. As in rodents, the initial regulatory TF circuit 

candidate for this subset is TCF/SOX and Rorcb, and possibly STAT, in the regulation of 

Il17 expression, but this has not been experimentally verified. Whether ILC subsets arose in 

parallel with the first identifiable γδ T cells in lampreys is unknown. This coevolution is 

possible given that the two defining TFs of ILC progenitors, Id2 and Zbtb16, were 

operational, and GATA3 and T-bet that control ILC2 and ILC1 development also emerged 

in jawless vertebrates. However, the cytokine profiles of these putative ILCs would have 

been quite different from those of mammals, as type 1/2 cytokines did not emerge until 

cartilaginous fishes, some 50 million years later.

Early IL-17+ effectors were complemented by cytotoxic effectors. The complete perforin-

dependent granule-exocytosis pathway originated in jawed vertebrates, at about the same 

time as true cytotoxic T cells, but perforin and granzyme-like genes exist in more primitive 

animals, such as sea urchins (207) and cnidarians (232), suggesting that target cell killing 

may be the earliest form of pathogen eradication. Thus, effectors capable of lysing infected 

cells (cytotoxic granules and TNF) or activating myeloid cell types using TNF, and those 

involved in protecting the body barrier by producing IL-17 constitute the earliest triad of 

ILE cells, which was well entrenched in jawless vertebrates. Given the segregated 

expression of effector molecules in different lamprey lymphocyte subsets, it is predicted that 

the basic effector cell lineage specification in lymphocytes is a vertebrate trait.

The next effector cell subsets to arise were type 1 and type 2 cytokine secretors, first in 

elephant sharks (C. milii), along with the emergence of IFN-γ and its inducer EOMES, 

providing an alternate mode of Th1-like cell differentiation. At this juncture, type 3 secretors 

diversified, with Rora and IL-22 available. Critically, with the RAG-based clonal antigen 

receptor diversity generator in place, the TCR-induced factors that drive the mammalian 

Th17 cells, such as Batf and Irf4, were potentially now available to generate fast and slow 

temporally regulated IL-17 responses to infections (Figures 2 and 3) (178). After the 

transition to bony vertebrates (teleosts), the prototypical Th17 cytokines IL-17A/F emerged, 

with further innovation of IL-23 and Rorc to complement Rora to fine-tune, and eventually 
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dominate, IL-17 production. The full complement of type 2 cytokine–producing cells was 

integrated into the chordate immune system at this juncture (Figure 3).

Three general patterns of the faster phylogenetic origin of ILE cells emerge: First, the 

diversification of central TF families controlling fast effector functions closely parallels 

increasing complexities in lymphoid effector repertoire and specialization, although the 

ancestors of each TF family, for the most part, exist as single genes in lower vertebrates and 

invertebrates. Second, the type of antigen receptors is unlikely to have been the principal 

discriminator of fast and slow effectors given that fundamentally different design principles 

of antigen receptor diversifiers were co-opted into preexisting, conserved TF networks that 

specify effector function. These primary gene networks of fast ILE cells are recursively 

recruited to generate distinct effector subsets in all T cells as they undergo progressive 

differentiation. Third, slow effectors that mobilize intracellular TCR signal intermediates to 

orchestrate effector outputs are relatively late arrivals, in cartilaginous fishes. This would 

imply a significant time gap between the consolidation of TF circuit design geared for 

lymphocyte function (at the time of the first vertebrates) and the superimposition of TCR 

signals as the arbiter of αβ T cell developmental phases and functional states.

FAST, FETAL ORIGIN OF ILE CELLS FOR THE PROTECTION OF 

NEWBORNS

Fetal Lymphopoiesis

Fast ILE cells likely existed before adaptive T helper effectors during animal evolution, and 

in mammals they are also fast developmentally, as they arise first in ontogeny, before 

functional adaptive lymphocytes. The generation of fast lymphoid effectors begins in 

fetuses, where a developmental clock in stem cells tightly governs the type of effectors that 

are generated, often in synchronized waves (233, 234). In contrast, murine adaptive T 

effectors are not observed until near birth and are functionally imbalanced postnatally, with 

a strong bias to type 2 cytokine–producing cells (235). Normal mouse gestation lasts up to 

21 days. The primitive hematopoiesis is in place until embryonic day 8 (E8), geared toward 

the production of nucleated erythrocytes and primitive myeloid cells, among which are yolk 

sac (YS)-derived, tissue-resident macrophages in adult mice that originated in embryos, and 

not from adult bone marrow cells (236). Whereas the definitive hematopoiesis can be 

observed in several different fetal tissues, lymphopoiesis is thought to originate from the 

transit of hemangioblasts (hemogenic endothelium) from the aorta, gonads, and 

mesonephros (AGM) region to the fetal liver (FL) at E10 (237). The expanded FL 

progenitors then migrate to the fetal thymus at E11. Hematopoiesis soon shifts from the FL 

to the bone marrow, which becomes the central factory of blood cells.

In E11 FL there are only a handful of long-term repopulating hematopoietic stem cells 

(HSCs) (238), and data support the existence of E9.5 Tcf7+ progenitors with lymphoid-

biased developmental potential prior to the major expansion of HSCs (239, 240). Whether 

these progenitors, originating from the YS, are the primary source of thymus-settling 

progenitors (TSPs) at E11 (see below) or fetal-origin ILE cells has not been adequately 

investigated (241), but in transplantation assays the donor fetal subsets generate T cells that 
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preferentially populate the liver and gut rather than the spleen (239), mimicking the tissue-

homing property of ILE cells. Sometime between E9 and E12, CLPs arise in the FL, and 

among them, α4β7+ CLPs transit to the fetal gut and generate ILC subsets. After E12.5, LTi 

cells are observed in the fetal gut (42), whereas the first sizeable population of γδTCR+ 

thymocytes (DETC precursors) is seen at E13.5. Single precursors that can generate NK or 

T cells (Lin−CD122+NK1.1negDX5neg) are observed at E13.5, and they populate various 

hematopoietic tissues and generate phenotypically mature, cytotoxic NK cells by E17 (241). 

These cells may be the presumptive precursors of the fetal-origin, liver-resident NK cells, 

which are not efficiently generated from adult bone marrow stem cells (97, 242).

Similar regulatory gene network architectures operating within TCR+ ILE cells and ILCs 

raise the possibility of a shared ontogenic origin. As previously noted, the first TSPs at E11 

are already committed to T/NK cell lineage despite the absence of full thymic structural 

integrity (243, 244). E12 TSPs are closely aligned with the phenotype of CLPs rather than 

lymphoid-primed multipotent progenitors (LMPPs: cKit+IL-7RloSca1+Lin−) or ETPs of 

newborns and adult mice. Moreover, the majority of E14 fetal thymic cKit+IL-7R+Lin− 

precursors express α4β7, and they can give rise to α4β7+RORγt+ ILCs in vitro when 

NOTCH signaling is absent (126). This first fetal wave of TSPs is geared for production of 

γδ DETCs and αβTCR+ cells with surprisingly rapid transition to a more mature TCRβhi 

phenotype, with an attendant dearth of transitional DP thymocytes (234). While the 

properties of αβ cells arising from E12 TSPs were interpreted as an indication of distinct 

kinetics of T cell differentiation, an alternative possibility is that these early αβ T cells are 

innate-like, as suggested by high expression of PLZF, decreased proliferative capacity, and 

limited TCR diversity due to near absence of the TCR junctional sequence diversifier 

terminal deoxynucleotidyl transferase (245). Hence, an appealing model is that the early 

lymphoid progenitors are programmed to generate ILE cells, irrespective of tissues. The 

notion that distinct, ontogenically ordered progenitors give rise to different lymphocyte 

lineages was distilled into the layered immune system model by the Herzenbergs in the late 

1980s (246).

Fetal-Restricted Generation of ILE Cells

The fetal thymic microenvironment provides as-yet-undefined ingredients for the generation 

of early preactivated innate T cells that are not produced in adults. The best-characterized 

fetal ILE cells are T cell subsets that express γδTCRs of a constrained repertoire and appear 

in an ontogenically ordered manner by the imposition of temporally ordered gene 

rearrangements on the TCR Vγ gene segments: First, Vγ3 rearranges at E13 (to generate 

DETCs), then Vγ4 and Vγ2 at E15 and E16, respectively (to generate Tγδ17 cells), followed 

by Vγ5 (247). Vγ3+ DETC precursors are only found in the fetal thymus, and they promote 

the development of medullary thymic epithelial cells (mTECs) that express the TF Aire 

(248). The negative selection of self-reactive αβ T cells is in part mediated by Aire+ mTECs. 

Thus, innate DETC precursors shape the antigen-sensing repertoire of adaptive T cells in 

early life, corollary to the LTi function in priming lymphoid tissue architecture for T cell 

function (248). Tγδ17 cells or their precursors have also been suggested to develop only 

from fetal or neonatal progenitors, and they may strongly prefer fetal microenvironments for 

differentiation, although the developmental requirements for Vγ4 and Vγ2 cells differ 
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substantially (36). IL-17 produced by an unidentified thymic cell type(s) has been implicated 

as an inhibitory factor for Tγδ17 cell differentiation in adults (249). The accumulation of 

other γδ subsets begins primarily in the neonatal thymus. γδ NKT cells exhibit a restricted 

developmental window, with most being produced soon after birth, but some can be 

produced inefficiently from adult bone marrow cells (27).

ILC generation also encompasses a fetal-restricted ontogenic window, but unlike γδ ILE 

cells, most ILCs can be generated efficiently from adult bone marrow–derived CLPs. By 

E15, Id2+ ChILP and Id2+PLZF+ ILC precursors are amply evident in FL. Two subsets, 

trNK cells and LTi cells, are predominantly produced from FL-derived progenitors (82), 

whereas all others are understood to expand dramatically after birth upon interactions with 

commensals (1). RORγt expression in fetal LTi cells is dependent on RAR docking onto the 

Rorc CRE. The agonist that initiates this circuit is retinoic acid that is metabolized from the 

mother’s dietary vitamin A (42).

Modulators Controlling the Generation of Fetal-Origin ILE Cells

There are currently only three well-established candidate apex regulators of fetal-restricted 

lymphopoiesis: SOX17 (250), Ikaros (251), and Lin28b (252). However, this number is 

certain to grow given that a network modeling of regulatory TFs based on the embryonic 

stem cell transcriptome has identified many more candidate factors that are active only in 

fetal hematopoiesis, and a significant fraction of those are expressed in lymphocytes. 

Among them are Id2, Nfil3, Sox13, and Zbtb16 that are expressed predominantly in HSCs 

from the YS, AGM, and/or FL at E12.5, but not in tissues of older fetuses. This pattern 

contrasts with the mainstream, which does not exhibit temporal selectivity, as exemplified 

by Hhex, Ikzf1, Lmo2, Myb, and Runx1, which are expressed in HSCs of all stages (253). 

This finding offers a tantalizing prospect of ILE-restricted progenitors transiently emerging 

in a narrow window of time at the beginning of lymphopoiesis.

Among the three known fetal regulators, Lin28b best embodies the predicted features of a 

conductor of ILE gene circuits. Lin28 is a zinc finger RNA-binding protein that specifically 

inhibits the processing of Let-7 microRNA (Mirlet7) into the functional isoform (254). Let-7 

is a bilaterian innovation to tune regulatory gene networks of multipotential progenitors and 

their tempo of differentiation. It controls self-renewal and proliferation of adult stem cells by 

targeted degradations of HMGa2, a general chromatin modifier (belonging to a distinct class 

from the sequence-specific HMG TFs) that in turn regulates the fetal-biased modulator 

Igf2bp2 (255). Let-7 also directly dictates Myc and Ras mRNA turnover to control cell 

proliferation and metabolic states (254). The high self-renewal and robust proliferative 

capacity of fetal HSCs are linked to low Let-7 expression, which is maintained by the 

restricted Lin28b expression in fetal hematopoietic progenitors and their progenies. 

Remarkably, enforced expression of Lin28b in adult HSCs resulted in a skewed 

developmental propensity toward innate lymphocytes, including γδ NKT and αβ iNKT ILE 

cells. For the latter, a pronounced enrichment for the thymic subsets that express PLZF 

and/or RORγt was observed (252). Whether PLZF+ ILC progenitors are also expanded upon 

Lin28b expression has not been examined. Although the molecular link between Lin28b and 
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Zbtb16 has not been proffered, the elevation of RAS upon Let-7 inhibition is one candidate 

inducer of Zbtb16 via the ERK activation (254).

A fascinating aspect of the fetal-origin ILE cells is their longevity, the ability to self-renew 

in the mucosal barrier and in the thymus, in the absence of progenitor contributions (2, 21, 

249). Intrathymic T cell progenitors are intrinsically long-lived, and long-term generative 

capacity and T cell outputs from transplanted thymi can be sustained without inputs from 

bone marrow–derived progenitors (256, 257). Given that competitions for precursor niches 

in the adult thymus are the basis for the newly arriving T cell progenitors to completely 

displace preexisting progenitors, the ability of fetal-derived, effector lineage–committed 

immature ILE cells to persist into adulthood suggests a superior niche occupancy combined 

with the imprint of fetal HSCs’ enhanced regenerative capacity (258). Identification of 

additional fetal lymphopoiesis-restricted regulators of transcription will allow more 

complete mapping of gene circuits underlying the unipotent progenitor-like properties of 

ILE subsets. Surveys have yielded a simple design principle: Single gene nodes such as 

Sox17 and Lin28b are sufficient to impose fetal stem cell–and ILE-like properties, 

respectively, onto adult HSCs and their progenies (252, 258). These precedents recall the 

limited gene nodal innovations on the core regulatory TF network of T cell development that 

specify distinct ILE subsets.

SUMMARY AND PERSPECTIVES

The initial classification of innate immunity encompassing myeloid cells, originating from 

Elie Mechnikov’s discovery of phagocytes that engulf bacteria, is firmly rooted. However, 

the increasing recognition of diverse lymphocyte subsets with the ability to kill infected cells 

and produce effector molecules immediately after pathogen encounter has revealed that most 

of the quintessential properties used to define functional lymphocyte lineages are imprecise. 

Central among them are the somatically rearranged antigen receptors and immunological 

memory as the hallmarks of slow adaptive immunity. Inconsistent with these defining 

parameters, fast innate lymphocytes include not only ILCs that lack clonal antigen receptors, 

but also T cell subsets expressing αβTCR or γδTCR. Moreover, NK cells and γδTCR+ ILE 

cells have been reported to exhibit properties consistent with enhanced recall responses 

when encountering pathogens previously defended against (39). Hence, an emphasis on the 

kinetics of immune responses, anatomical distributions, and the type of effector cytokines 

synthesized may simply, and more accurately, segregate the mammalian immune system. 

This functional classification of immunity is supported by the utilization of shared TF 

regulatory networks of T cell development to generate most fast-acting ILE subsets. This 

network of fast effectors reemerges in adaptive lymphocytes and assumes gene circuitry 

prominence in distinct functional states after activation, to generate long-lived memory cells 

that can react like fast innate effectors in nonlymphoid tissues where most ILE cells roam. 

Thus, upon terminal differentiation, the properties of innate and adaptive lymphocytes 

converge, except for the critical distinction of focused specificity of adaptive cells for the 

pathogen that initially elicited the response. Future studies that incorporate genome-wide 

assessments of the TF networks highlighted here in diverse metazoan species, their modes of 

function in primitive as well as the most advanced lymphocyte subsets, and detailed gene 

circuitry maps that integrate highly dynamic external modulators of the networks will 
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further solidify the regulatory TF network–based classification of the mammalian fast and 

slow immune systems.
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FUTURE ISSUES

1. System-wide regulatory gene network modeling of ILC subsets in comparison 

with all hematopoietic cell subsets should determine the extent of lineage 

relationship between ILCs and TCR-expressing ILE cells.

2. Do dedicated T cell progenitors for ILE cells exist prior to the onset of cell fate–

instructive signals, such as those from TCR?

3. What are the agonists and intracellular signaling intermediates controlling the 

regulatory TF networks in ILE subsets?

4. What is the molecular basis of pathogen-specific memory responses in ILE 

cells, and how does it compare with that of adaptive immunity?

5. Do functionally distinct ILE subsets exist in invertebrates and lower animals? If 

so, what is the sphere of influence of the immune regulatory TF networks in 

primitive immunity?
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Figure 1. 
Three overlapping layers of T cell and T cell–like immunity and representative effector 

subsets in each layer. A pathogen breach of the body barrier activates each layer in 

succession, with the fast-acting innate lymphocytes arrayed most proximal to the barrier 

surfaces. The subsets are described in the text. The effector repertoire of each layer is 

similar, broadly divided into three wedges united by the type of cytokines each can produce. 

Heterogeneity of functional units (at the cell lineage level) within the fast inner layers is 

complex, whereas for the slow outer adaptive ring it is more limited, although inflammations 

can drive conversions of established Th subsets. Conversely, clonal variations at the outer 

ring are extremely high because individual cells express distinct antigen receptors, whereas 

the subsets in the inner rings often express canonical antigen receptors and/or pathogen-

associated pattern receptors. The middle ring contains innate effectors that express either 

αβTCR or γδTCR. For the latter, those found in lymphoid tissues (such as Tγδ1) are mostly 

naive, express clonal TCRs, and primarily exhibit default IFN-γ production, similar to NK 

cells. Their numbers in mammals are dwarfed by those of the innate γδT cells in tissues, 

owing to the vast surface areas of mucosal tissues such as the skin and the gut. Type 1 

cytokine–producing cells are marked as IFN-γ enabled, ranging from cNK cells in the inner 

ring to the adaptive Th1 cells in the outer ring. Cells in the inner rings are mostly tissue 

tropic, although some (such as cNK and Tγδ1 cells) are circulatory. The number of type 2 

cytokine (IL-4/5/13)-producing cell subsets is the smallest, and IL-4 production in 

peripheral tissues is constrained. Type 3 cytokine–producing fast effector cells exhibit 

distinct profiles of IL-17 and IL-22 secretion, with the innermost fast effectors biased 

toward IL-22 production, whereas in the middle ring IL-22 production is tightly regulated, 

with skin Tγδ17 cells primed for IL-17, but not IL-22, secretion. For simplicity, the 

classification of cytokine types shown is not comprehensive; some cytokines are not listed 
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(an example is IL-9, which is considered a type 2 cytokine) or detailed (for example, the 

IL-17 family has six members, some with unique activities). Also, additional Th subsets, 

such as Bcl6+ T follicular helper (Tfh) cells and PU.1+ Th9 cells, are not depicted because 

clear corollary populations among ILE cells have not been established. NKT and γδT cells 

can secrete cytokines made by these Th subsets (IL-9, IL-10, and IL-21) and can promote B 

cell maturation and antibody production, but it is unclear whether corresponding specialized 

subsets exist. ST2 (Il1rl1) and IL-25R (IL-17RB) are receptors for two epithelial cytokines, 

IL-33 and IL-17E (IL-25), respectively, and both are activators of various type 2 cytokine–

producing cells. Abbreviations: DETC, dendritic epidermal T cell; iIEL, intestinal 

intraepithelial lymphocyte; LTi, lymphoid tissue–inducer cell; MAIT, mucosal-associated 

invariant T cell; NCR, NK cell receptor; PLZF, promyelocytic leukemia zinc finger.
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Figure 2. 
The basic TF network circuitry of T cell development and variations incorporated into it 

generate lymphoid effector cell types. Minimal components of each circuit are depicted. 

Cytokine receptor–signaling inputs controlling TF expression are not shown. (a) The 

foundation regulatory TF circuit of T cell development is the NOTCH-TCF1 hub 

(rectangles) that intimately integrates with the E2A regulatory domain and induces central 

genes (circles) necessary for T cell development from ETPs. This process operates in 

conjunction with TFs already expressed in LMPPs or CLPs that are active at multiple states 

of T cells (Ikaros, Myb, Runx1, Gfi1, Sox4, and others belong to this cluster). E2A induces 

the expression of IL-7R and RAG proteins required for the V(D)J recombination of Tcr 

genes. E2A and TCF1 control chromatin accessibility of the Tcr loci and regulate their 

ordered gene rearrangements. TCR signaling, along with E2A, can promote PLZF 

expression. But in adaptive T cells, PLZF is under an autoregulatory feedback loop 

involving ID3, induced by TCR signaling that in turn inhibits E2A to maintain a naive state 

of mature thymocytes. Absence of TCF1 in mice leads to a complete loss of T cell–

committed DN2 precursor cells, and TCF1 controls the expression of one of the markers of 

DN2, IL-2R α-chain. TCR signaling, NOTCH, and TCF1 cooperate to turn on the effector 

lineage controlling TFs GATA3, LEF1, and RORγt (diamonds), but during intrathymic αβT 

cell development, they do not access the target cytokine gene loci. NOTCH and TCF1 target 

genes, most notably Bcl11b, inhibit genes active in non–T cell lymphoid lineages, such as 

ID2, which is required for ILE development. (b) Three sequentially incorporated ILE TFs, 
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NFIL3 (nuclear factor, IL-3 regulated), ID2, and TOX (thymocyte selection–associated 

high-mobility group box), constitute the ILC hub. The high level of ID2 expression, induced 

by NFIL3, possibly in concert with TOX, leads to a muted activity of E2A that in turn 

impedes the cooperative NOTCH-E2A outputs. The consequences are lack of antigen 

receptor expression and varied dependence on NOTCH signaling for ILC differentiation. 

NFIL3 can inhibit Rorc expression in Th17 cells (dashed lines represent connections by 

function only; direct gene-to-gene interactions have not been confirmed in indicated cell 

types), and conversely, it turns on Eomes in NK cells to regulate IFN-γ (ovals, effector 

cytokines). In other ILC1s, T-bet, not EOMES, drives IFN-γ production. For ILC2s, TCF1 

regulates Gata3 and cytokine receptor genes critical for ILC2 development. RORα is 

essential for ILC2 differentiation, but its upstream inducers and downstream targets are 

unmapped. PLZF is transiently induced, perhaps by RAS signaling in conjunction with E2A, 

and is also required for ILC2s, but its target genes are unmapped in ILCs. As in T cells, 

TCF1 inhibits IL-17 production and promotes IL-2R α-chain expression in ILC3s. TCF1 

may contribute to Rorc transcription in ILCs directly, as in T cells, or indirectly, by 

promoting IL-7R expression, which in turn enhances RORγt expression (not depicted). RAR 

and other positive regulators of RORγt further entrench the ILC3 program. (c) Incorporation 

of two additional HMG TFs, SOX13 and SOX4, institutes the TCR+ ILE program. 

Activities of TCF1 are modulated by its interacting partners SOX13 and SOX4, which 

together turn on Rorc, with additional inputs from RAR and ETV5. SOX13 also induces 

Etv5, Blk, and Il7r and inhibits Lef1 to specify the Tγδ17 cell program. SOX4 regulates 

iNKT cell development, potentially by calibrating TCR signals, but the molecular 

mechanism remains to be ascertained. PLZF, ID3, and T-bet induction is initiated by TCR 

signaling. TCF1 positively regulates Gata3, to generate IL-4-producing cells, and Eomes 

and Lef1, to control IFN-γ synthesis. (d) A simplified adaptive Th effector circuit illustrates 

the dominance of TCR signaling as the arbiter of functional specialization. TFs belonging to 

the IRF-BATF axis, along with others induced by TCR and cytokine receptor signaling, 

constitute the hub. IRF4 and BATF cooperatively induce RORγt. IRF4 further controls 

Gata3 expression, whereas BATF amplifies IL-17 synthesis. The ILE HMG TFs still exert 

modulatory functions as NOTCH enhances expression of effector cell type–specific TFs and 

promotes cytokine gene expression. Conversely, TCF1 negatively regulates IFN-γ and IL-17 

production, but its activity is downmodulated by TCR signaling. SOX4 and SOX5, two 

additional HMG TFs, modulate Th2 and Th17 cell differentiation, respectively. SOX4 

inhibits GATA3 function, whereas SOX5 promotes Rorc expression. Abbreviations: CLP, 

clonogenic lymphoid precursor; ETP, early thymic progenitor; HMG, high-mobility group; 

ILC, innate lymphoid cell; ILE, innate lymphoid effector; iNKT cell, invariant NKT cell; 

LMPP, lymphoid-primed multipotent progenitor; RAG, recombination activating gene; 

RAR, retinoic acid receptor; TF, transcription factor.
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Figure 3. 
A simplified phylogenetic tree of TFs and cytokines directing lymphoid effector subset 

development and function. Depicted are the major phyla (ovals); the kingdoms they belong 

to (double ovals) and subphyla, classes, or genera they include (bold, referred to in the text); 

and extant organisms (species) of Opisthokonta (domain Eukaryota, animals and fungi 

supergroup, no taxonomic rank). Only the holozoan (animals and related unicellular 

organisms) branch that generated animals (metazoans) is detailed, and the tree is drawn not 

to a timescale but according to the sequence in which the phyla emerged. Only the clear-cut 

orthologs of rodent TFs and cytokines (rectangles) are noted in species where they first 

appear, and for early genes that are not clearly defined as homologs (because a member is 

missing key functional domains, for instance), they are denoted as ancestral and preceded by 

the letter a. Lymphocytes only exist in deuterostomes, but it is clear that immune 

mechanisms, such as the complement cascades and pathogen-associated molecular patterns, 

predate the emergence of mobile cell types mediating immune responses. Filastereans 

(Capsaspora owczarzaki), single-cell eukaryotes, and the earliest clade of the holozoan 
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branch are already endowed with intracellular mediators of innate sensors, such as NF-κB, 

the STAT TF that is activated by cytokine and growth factor receptors; and an ancestral 

Runx gene linked to the mammalian Runx1, which is essential for definitive hematopoiesis. 

The closest extant unicellular relatives of animals are choanoflagellates, and they provide 

evidence for the emergence of sequence-specific HMG TFs, related to Capicua (Cic) and 

SoxF/H members (Sox17, 18, or 30), ~900 Mya. A significant expansion of the repertoire of 

immune-related TFs is observed in Porifera (sponges), and a large family of invertebrate 

IL-17 is found in oysters (Protostomia). A Tbr gene is annotated in the genome of Lottia 

gigantea, a protostome mollusk, but not in the genome of flies. An ancestral gene for Rag is 

present in Nematostella vectensis (sea anemone) and further innovated in Strongylocentrotus 

purpuratus (purple sea urchin), where orthologs of Rag1/2 emerged. Definitive evidence for 

a discrete ILE subset is first obtained in lampreys, where Il17-expressing SOX13+ 

lymphocytes that home to mucosal tissues have been discovered. The diversification of 

mammalian cytokines and central antigen receptor–activated TFs controlling αβT cell 

effector lineage specification initiates in vertebrates, first in cartilaginous fishes 

(Callorhinchus milii). The emergence of type 2 cytokines appears to lag behind the 

emergence of type 1 cytokines, as a single Il4/13 gene and an Il5 homolog are catalogued in 

teleosts, with only an ancestral Il4 gene in C. milii. Among the central modulators of Th cell 

specification, the mammalian inducers of type 3 cytokines RORγt and IL-23 appear last in 

teleosts. Abbreviations: HMG, high-mobility group; ILE, innate lymphoid effector; TF, 

transcription factor.
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