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Abstract

Innate immune and differentiated T cells produce signature cytokines in response to cytokine 

stimulation. Optimal production requires stimulation by an NF-κB inducer, most commonly an 

interleukin (IL)-1 family member, and a STAT activator. Usually, there is linkage between the 

IL-1 family member, the activated STAT and the cytokines produced: IFNγ producers respond to 

the IL-1 family member, IL-18 and IL-12, a STAT4 activator; IL-13 producers respond to IL-33 

(although for ILC2 cells this may be replaced by IL-25) and STAT5 activators; for cells producing 

IL-17A or IL-22, the combination is IL-1 and a STAT3 inducer. Cytokine-induced cytokine 

production may have broad significance in orchestrating innate responses to distinct infectious 

agents and in maintaining inflammatory responses after elimination of the inciting antigen.
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Cytokine-induced cytokine production: a general mechanism

Innate immunity functions as a first line host defense mechanism against infection. Cells of 

the innate immune system rely on recognition of a limited set of conserved pathogen-

associated molecular patterns (PAMPs) by a diverse array of germ-line-encoded pattern 

recognition receptors (PRRs), such as the Toll-like receptors (TLRs) and the NOD-like 

receptors (NLRs) [1–3]. Alternatively, they respond to signals generated within the host in 

response to pathogens or other inducers of inflammation; these signals often are in the form 

of cytokines. Cells of the innate immune system include mast cells, macrophages, 

neutrophils, dendritic cells (DCs), basophils, eosinophils, natural killer (NK) cells, and the 

growing set of innate lymphoid cells (ILCs) and innate-like T lymphocytes, and are 

responsible for immediate, early immune responses against pathogens. They act as effectors 

through the production of ‘effector cytokines’ or direct cytotoxic activity.
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It is now recognized that many cells operate at the crossroads of the innate and adaptive 

immune responses. Recent work also shows that adaptive immune cells are capable of 

producing effector cytokines in response to cytokine stimulation, independently of signaling 

through multichain immunoreceptors, such as the B cell receptor, the T cell receptor (TCR), 

or Fc receptors, although there are instances, such as responsiveness of natural killer T 

(NKT) cells or certain invariant γδ T cells, in which a T cell receptor of limited variability 

mediates an ‘innate’ response. Here we describe the processes through which the various 

cells capable of cytokine-induced cytokine production, including NK cells, ILCs, γδ T cells, 

NKT cells, innate CD8 T cells, mast cells, basophils, neutrophils and, perhaps most 

surprisingly, CD4 Th1/Th2/Th17 cells, are induced to produce such cytokines.

Innate features of conventional T cells

The adaptive immune system has the unique capacity to provide long-term, specific 

protective immunity to previously encountered pathogens. Memory T cells can be broadly 

divided into effector memory T cells (TEM cells) and central memory T cells (TCM cells) [4–

6]. Resting TCM cells circulate among the secondary lymphoid tissues; upon reencounter 

with antigen, TCM cells quickly proliferate and differentiate into TEM cells or directly into 

effector T (Teff) cells. Teff cells provide a first line of defense against antigen at the entry 

portals.

Traditionally, induction of cytokine production by TEM cells has been thought to depend on 

stimulation by cognate antigen presented by antigen-presenting cells. It is now clear, 

however, in vitro at least, that these cells can also be stimulated to produce cytokines 

through an independent pathway initiated by the action of key cytokines.

T helper cell production of signature cytokines in response to IL-1 family members and 
STAT activators

Th1, Th2, and Th17 cells generated in tissue culture can produce several signature cytokines 

when challenged with other cytokines. It was reported more than a decade ago that the 

STAT4 activator, IL-12, and IL-18 together induce IFNγ production by Th1 cells [7–9]. 

TCR induced Th2 and Th17 cell induction also requires STAT activation (STAT 5 and 

STAT3, respectively) [10–12] and these cells express receptors for members of the IL-1 

family, IL-33 in the case of Th2 and IL-1 in the case of Th17 cells [13]. These data suggest 

that a combination of an appropriate STAT activator and IL-1 family member might cause 

cytokine-induced cytokine production by each type of Th cell. Indeed, resting Th2 cells 

produce IL-13 if challenged with IL-33 and one of the STAT5 activators IL-2, IL-7, or 

TSLP [13]. IL-5 production was similarly observed but, strikingly, no IL-4 was produced 

while the very same cells produce both IL-4 and IL-13 in response to phorbol 12-myristate 

13-acetate (PMA)/ionomycin, to anti-CD3/CD28, or to cognate antigen through antigen-

presenting cells. Challenging Th17 cells with IL-1β, together with the STAT3 activators 

IL-23 or IL-21 leads to robust IL-17 production. Although modest IL-17 production 

occurred in response to added IL-23 alone, this was not the case in IL-1R1-deficient T cells, 

indicating a requirement for IL-1 signaling [14]. Moreover, IL-1 receptor antagonist-

deficient (Il1ra−/−) CD4 T cells produce significantly more IL-17 in response to IL-23 than 

do their wild type counterparts [15].
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IL-1 receptor and ‘master’ transcription factor expression by Th cells might also be 

controlled by cytokine and STAT signaling. IL-33 receptor (IL-33R, T1-ST2) expression, as 

well as GATA3 mRNA, is diminished in resting Th2 cells compared with expression 

directly after priming (Figure 1). Both IL-33R expression and GATA3 mRNA increase in 

response to IL-33 and IL-2. IL-12 alone upregulated IL-18R1 and T-bet but addition of 

IL-18 maximized both IL-18R1 and T-bet expression. Upregulation of RORγt and of 

IL-1R1 by resting Th17 cells was maximal in cells cultured with IL-23 and IL-1β; IL-23 

alone caused some induction whereas IL-1β alone had a very modest effect.

The relevance of cytokine-induced cytokine induction in Th cells is not clear. Several 

fluorescent surrogates for cytokine expression are available that will in theory allow analysis 

of in situ cytokine production in response to either physiological (i.e., endogenous) 

production or pharmacological administration of the appropriate IL-1 family member and 

STAT activator.

Potentially, through a feedback mechanism, Th2 cells activated by antigen produce allergic 

inflammatory cytokines even after antigen is no longer present. In vitro, IL-33 alone (acting 

on recently activated Th2 cells) or with TSLP (jointly acting on resting Th2 cells) causes 

antigen-independent IL-13 and IL-5 production [13]. Induction of TSLP expression by 

keratinocytes and other epithelial cells by IL-13 or TNFα as well as by inflammatory stimuli 

has been reported [16]. IL-33 has been reported to largely be released upon necrotic death of 

cells and to be upregulated in certain instances [17]. IL-33 is a nuclear protein that can be 

degraded by caspase3 or caspase7 so that apoptotic death could destroy biologically active 

IL-33 [17]. Whether IL-33 levels can be regulated through the action of Th2 products is not 

clear. Nonetheless, a positive feedback loop through which activated Th2 cells lead to 

production of the cytokines that stimulate cytokine-induced cytokine production by resident 

Th2eff or Th2EM is tempting to postulate although not yet certain.

Conventional CD8 T cells

CD8+ T cells play a critical role in controlling infection by many intracellular pathogens 

including certain bacteria, viruses, and protozoan parasites [18]. CD8 TEM cells can produce 

IFNγ in response to IL-18 and IL-12 [19–22]. For example, ovalbumin-specific CD8 TEM 

cells secrete IFNγ 16 hours after Listeria monocytogenes infection in an IL-12- and IL-18-

dependent manner [23]. TCR-independent, cytokine-dependent IFNγ production also 

contributes to the pathology of chronic obstructive pulmonary disease (COPD) and 

ectromelia virus infection [24,25].

Innate lymphoid cells (ILCs)

Effector cytokines can also be produced by a diverse array of ILCs. NK cells are the 

prototypic ILCs, and have recently been joined by a variety of additional cell subsets that are 

important in innate immunity and lymphoid tissue formation [26–29]. These newly defined 

ILCs lack lineage markers (Lin-) but express the lymphoid progenitor marker IL-7 receptor 

α chain (IL-7Rα; CD127) and the cytokine common gamma (γc) receptor chain, and they all 

require IL-7 for development. There are at least three distinct ILC lineages: (i) Type 1 ILCs 

(ILC1); (ii) LTi, Type 17 ILC (ILC17) and/or Type 22 ILC (ILC22); and (iii) Type 2 ILC 
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(ILC2). Strikingly, these ILC subsets resemble the discrete T cell effectors, Th1, Th17, and 

Th2, in their cytokine profiles and transcription factors that determine their development. 

These various ILC populations probably represent distinct lymphocyte lineages that have 

unique effector pathways in various immune responses.

Type 1 ILCs

Conventional NK (cNK) cells are granular lymphocytes that eliminate infected cells by 

immediate cytotoxic activity and via cytokine and chemokine production [30,31]. cNK cells 

can be activated through crosslinkage of FcεRIII, by engagement of activating NK cell 

receptors or by cytokine stimulation [30]. IL-12, IL-15, or IL-18 alone induces little or no 

cytokine production. However, IL-12 plus IL-18 or IL-1β [32–34] stimulates robust IFNγ 

while stimulation with IL-15 and IL-12 induces less IFNγ but more IL-10 and TNFα [32]. 

TNFα and IL-2 also augment IL-12-induced IFNγ production [35]. It is notable that TNFα 

activates NF-κB and MAP kinases as IL1-family cytokines do, suggesting that TNFα may 

function on cNK cells similarly to IL-18 and IL-1β.

Thymic NK (tNK) cells are a distinct population of NK cells that represent ~0.05% of 

thymic cellularity in fetal and adult thymus and adult lymph node (LN) [36–38]. In contrast 

to cNK cells, tNK cells express CD127 and large amounts of GATA3 [39]. In response to 

IL-12, tNK cells express less granzyme B but more IFNγ, GM-CSF and TNFα than cNK 

cells [39]. Based on their ability to produce IFNγ, cNK and tNK cells could be designated as 

ILC1 cells that represent an innate counterpart of Th1 CD4 T cells.

LTi, Type 17 (ILC17) and/or Type 22 ILC (ILC22)

LTi cells were initially identified in mouse neonatal lymph nodes and named based on their 

ability to promote formation of secondary lymphoid nodes and Peyer’s patches during 

embryonic development [40]. LTi-like cells have now been identified in secondary and 

mucosal-associated lymphoid tissues in both mice and humans (reviewed in [41]). Several 

Th17-associated transcription factors, such as RORγt and the aryl hydrocarbon receptor 

(AhR), are important for LTi cell function [42–45]. LTi-like cells also share other features 

with Th17 cells, including expression of IL-23R and CCR6 [46–48]. Consistent with their 

receptor expression, LTi-like cells in mouse spleen and human fetal LN respond to IL-23 

and to secrete IL-17 and IL-22 [49,50]. Depletion of LTi cells impairs IL-22 production and 

innate resistance to Citrobacter rodentium [48].

A unique innate lymphocyte subset sharing characteristics of both LTi cells and NK cells 

was recently identified in mucosal-associated lymphoid tissues in humans and mice [51–56]. 

These cells have been designated NKR+ LTi cells, LTi-like NK cells, NK22 cells, or ILC22 

cells based on their expression of cNK cell lineage markers and ability to produce IL-22. 

Similar to LTi cells, ILC22 cells require RORγt and AhR [45,51–55]. ILC22 cells are potent 

IL-22 producers in response to IL-23 [51,54,56]. They also produce IL-26, another cytokine 

that can be co-secreted by Th17 cells, upon stimulation with IL-23 [51,57]. In contrast to 

LTi cells, which produce both IL-17 and IL-22, ILC22 cells selectively express IL-22 but 

not IL-17 [51,54].
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ILC17 cells are detected in mouse and human intestine and express RORγt, AhR, and 

IL-23R [57,58]. Depletion of ILC17 cells abolishes Helicobacter hepaticus-induced acute 

and chronic innate colitis, demonstrating their importance in intestinal pathology. ILC17 

cells respond to IL-23 by producing IL-17, IFNγ and, to a lesser degree, IL-22.

It is somewhat surprising that LTi cells, ILC22 cells, and ILC17 cells respond ex vivo to 

STAT-inducers without a signal mediated by an IL-1 family member or indeed any NF-κB 

stimulator. However, ILC22 cells have been shown to constitutively express IL-1R1 [59]. 

Furthermore, IL-23-stimulated ex vivo IL-22 production is severely reduced in ILC22 cells 

isolated from mice lacking adaptor for IL-1 signaling myeloid differentiation primary 

response gene 88 (MyD88) [59,60]. Diminished IL-23-induced IL-22 production was also 

observed in IL-1 receptor 1(IL-1R1) deficient cells and in wild type cells in the presence of 

anti-IL-1R1 antibody [59]. Thus, signaling through the IL-1 receptor appears essential for 

ILC22 cytokine production, even if exogenous IL-1 has not been provided. It is plausible 

that LTi, ILC22, and ILC17 cells are dependent on signals from an IL-1 family member and 

a STAT activator, in this case the STAT3 activator being IL-23, for signature cytokine 

production. This is further supported by in vitro studies showing that IL-22 production from 

human tonsillar ILC22 cells is enhanced by the combination of IL-23 and IL-1β, while IL-1β 

alone fails to induce IL-22 [61].

Type 2 ILC (ILC2)

Innate counterparts of Th2 cells were identified as Lin-CD127+ ILC subsets, present in 

Rag2−/− mice, that produce IL-5 and IL-13 upon stimulation with IL-25 or IL-33 [62]. These 

cells have been designated ‘nuocytes’, ‘natural helper (NH)’ cells, or ‘innate helper type2’ 

(Ih2) cells [63–70]. ILC2 cells express CD127, T1-ST2, and IL-17RB (a receptor for IL-25). 

Key transcription factors for ILC2 cells include RORα and GATA3 [66,71–74].

A characteristic features of ILC2 cells is their expansion and abundant production of IL-13 

and IL-5 in asthma, in protease allergen-induced airway inflammation, in a chronic 

rhinosinusitis mouse model and during infection by the helminths Nippostrongylus 

brasiliensis, Trichuris muris, and Strongyloides venezuelensis [63–67,74–77]. Production of 

IL-13 and IL-5 by ILC2 is mediated through IL-25 and/or IL-33. IL-25R/IL-33R doubly 

deficient mice have a severely impaired response to helminth infection [63]. Administration 

of IL-25 or IL-33 to wild type mice induces IL-13 and/or IL-5 production [63,66]. Either 

IL-25 or IL-33 is sufficient to induce IL-13 and IL-5 production by ILC2 cells. Addition of 

IL-2 to IL-33 or IL-25 further enhanced IL-13 and IL-5 production from NH cells [64,67].

Do the requirements of ILC2 cells for cytokine-induced cytokine production differ from 

those of in vitro differentiated Th2 cells? As discussed earlier, resting in vitro differentiated 

Th2 cells require signals from both IL-33 and a STAT5 activator for IL-13 production. This 

is a stepwise process in which GATA3 must first be upregulated, then the IL-33 receptor 

and finally IL-13/IL-5. It is clear that both STAT5 activation and IL-33 are required for 

GATA3 upregulation; IL-33 appears essential for both receptor upregulation and IL-13/IL-5 

transcription but the role of STAT5 in IL-33 receptor upregulation and IL-13/IL-5 

transcription is uncertain. The capacity of STAT5 to bind to both the GATA3 and IL-13 

genes is consistent with a direct role of STAT5 in these processes. It is possible that ILC2 
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require a STAT5 signal for IL-13/IL-5 production that is provided by endogenous TSLP or 

IL-7. The capacity of IL-25 to stimulate IL-13/IL-5 production by ILC2 is interesting 

because it can activate both the NF-κB and MAP kinase signaling pathways, as the IL-1 

family members do. Thus IL-25 may act as a surrogate for the IL-1 family members. Also 

similar to Th2, ILC2 cells fail to produce IL-4 in response to IL-25 and/or IL-33 [63,66], 

although IL-4 production was observed after stimulation with PMA and ionomycin [64]. 

This is similar to the selective production of IL-13 but not IL-4 by Th2 cells in response to 

cytokines, despite their abundant production of both IL-4 and IL-13 upon stimulation with 

cognate antigen or PMA/ionomycin.

Innate-like T lymphocytes

Besides T helper cells and ILCs, cytokine-induced antigen-independent cytokine production 

has also been observed by innate-like T lymphocytes such as NKT cells, γδ T cells, and 

innate CD8 cells.

NKT cells

NKT cells recognize lipid and glycolipid antigens [78]. Invariant NKT (iNKT) cells 

constitute more than 80% of the NKT cell population. Three iNKT subsets have been 

identified based on their capacity to undergo cytokine-induced cytokine production. One 

subset, the conventional iNKT cells that are highly enriched in liver, respond to co-

stimulation with IL-12 and IL-18 or IL-12 and IL-33 to produce IFNγ [79–85]. The second 

subset, recently characterized as CD4- NK1.1-, is highly enriched in peripheral LNs but 

represents a very small population in liver [86–88]. Ex vivo stimulation with IL-23 induces 

these cells to produce IL-17 [86,89]. Like IL-17- and IL-22-producing Th17 and ILC cells, 

these iNKT cells express RORγt, IL-1R1 and IL-23R [86,88,90]. The constitutive 

expression of IL-1R1 suggests the involvement of signals mediated by IL-1 in their 

cytokine-induced cytokine production; testing the importance of MyD88 in their cytokine 

response to IL-23 will be of importance. The third iNKT cell subset, the IL-17RB+ CD4+ 

population, is found in mouse spleen and lung but is barely detectable in liver. These cells 

respond to IL-25 in the presence of DCs to produce IL-13 and IL-4, but no IL-5 [91]. 

Whether signals from DCs are absolutely necessary for cytokine production needs to be 

further clarified. Adoptive transfer of such iNKT cells into NKT-deficient mice rescues the 

IL-25-induced airway hypersensitivity reaction [91]. Note that in contrast to Th2 cells and 

ILC2 cells, these iNKT cells, like basophils (see below), produce IL-4 in response to 

cytokine stimulation. The mechanism(s) underlying the differential pattern of Th2 cytokines 

produced in cytokine-induced cytokine production needs to be determined. Thus, various 

NKT subsets can produce distinct sets of effector cytokines in response to a STAT activator 

and an NF-κB activator, often an IL-1 family member.

γδ T cells

γδ T cells constitute 1–5% of circulating T cells and are enriched in epithelial and mucosal 

tissues [92]. Co-stimulation with IL-1β and IL-12 induces these cells to produce IFNγ [93] 

while stimulation with IL-1β and IL-23 induces IL-17A, IL-17F, IL-21, and IL-22 

production [94,95]. Recently, the compelling idea was raised that cytokine profiles of γδT 
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cells are pre-determined during thymic selection by a mechanism involving the expression 

of CD27, a TNF family member [96,97]. CD27- γδ T cells constitutively express RORγt and 

RUNX1 and are prepared to produce IL-17 while CD27+ γδ T cells express T-bet and are 

competent to produce IFNγ [97]. Haas et al., however, segregated γδ T cells based on the 

expression of CCR6 and NK1.1 [98]. In their report, co-stimulation with IL-12 and IL-18 

induced IFNγ production from NK1.1+ γδ T cells while IL-23 induced IL-17A production 

by CCR6+ γδ T cells [98]. In both subsets, the pattern of cytokines produced is a property of 

the stimulated cell. There is generally a linkage between the IL-1 family member inducers 

and the cytokine products, but it appears to represent the pattern of IL-1 family cytokine 

receptors expressed by the cell rather than distinctive signals induced by these receptors.

Innate CD8 cells

Innate CD8 T cells have been detected in BALB/c mice [99] and human fetal thymus and 

fetal spleen [100]. In thymus, a subset of IL-4R+ CD8 cells captured small amounts of IL-4 

secreted by promyelocytic leukemia zinc finer transcription factor+ (PLZF+) NKT cells and 

developed into innate CD8 cells [99]. Stimulation of these cells with IL-12 and IL-18 leads 

them to produce IFNγ [99].

Mast cells, basophils, and neutrophils

Mast cells are effector cells of myeloid origin enriched at epithelial or endothelial surfaces. 

Basophils are related cells, usually are absent in tissues but that may be recruited to 

inflammatory sites. After crosslinking the high affinity IgE receptor, FcεRI, mast cells 

release large amounts of IL-13 and relatively modest amounts of IL-4; basophils secrete 

large amount of both cytokines [101,102]. Both mouse bone marrow-derived mast cells 

(BMDM) and basophils express a large amount of T1-ST2 [103]. IL-18Rα is expressed by 

basophils and by mast cells in low amounts [104]. In response to IL-33, together with IL-3 

that activates STAT5 and STAT3, BMDM produce significant amounts of IL-13 but no 

IL-4; basophils produce large amounts of both IL-13 and IL-4 [103–107]. IL-3 alone 

induced very small amounts of IL-13 or IL-4. Robust IL-4 production induced by IL-3, 

IL-18, or IL-33 was observed in recently identified TSLP-elicited basophils, a discrete 

subset distinct from the IL-3-elicited bone marrow-derived basophils [108]. Similar to what 

has been observed in Th CD4 cells and ILC cells, there is a synergistic effect for cytokine-

induced cytokine production between an IL-1 family cytokine and a STAT activator. In 

these cells, IL-3 activates STAT5 and STAT3. Intriguingly, a large amount of both IL-4 and 

IL-13 are produced by basophils; as noted above, the production of IL-4 through cytokine-

induced cytokine production is unusual. It has been suggested that NF-κB activation by IL-1 

family cytokines would more likely stimulate IL-13 production than IL-4 production as NF-

κB more efficiently binds to the murine Il13 promoter than to the murine Il4 promoter 

[13,109–111]. Indeed, treatment with an NF-κB inhibitor resulted in diminished anti-CD3/

CD28-stimulated IL-13 production from differentiated Th2 cells but IL-4 production 

remained unaffected [112]. The discrepancy in patterns of cytokines produced in response to 

IL-33 and STAT5 activators between basophils, on the one hand, and Th2 and ILC2 cells, 

on the other, needs more study.
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Neutrophils account for 40–70% of all white blood cells [113]. Recently, in a mouse model 

of kidney ischemia-reperfusion injury (IRI), CD11b+Gr1+ neutrophils were shown to be the 

major source of early IL-23-mediated IL-17A production [114]. Adoptive transfer of 

neutrophils to Il17a-deficient mice reconstituted kidney injury, which could be blocked by 

specific IL-17A antibody [114]. It would be interesting to examine the expression of IL-23R 

and RORγt on this cell population as well as the expression pattern of IL-1 receptor family 

members in order to determine if neutrophils follow the same set of ‘rules’ for cytokine-

induced cytokine production as do the other cell types discussed here.

Concluding remarks

Despite their phenotypic and functional differences, Th cells, ILCs, and innate-like T cells 

share striking similarities in their cytokine dependence and transcriptional regulation.

The comparable transcriptional regulation of cytokine production among diverse subsets is 

the most remarkable (Table 1). RORγt was originally shown to be essential for the 

development of LTi cells and then for Th17 cells. The importance of RORγt for a wide 

variety of cell subsets all having the capacity to produce IL-17 and/or IL-22, including 

ILC22, ILC17 cells, IL-17-producing NKT cells, and IL-17-producing γδ T cells is now 

recognized. Many of these cells also share expression of the Th17-associated transcription 

factor, AhR. Accordingly, they all express IL-23R and IL-1R1 and, upon appropriate 

stimulation, produce Th17 signature cytokines.

Unexpectedly, another member of the RORγt family transcription factor, RORα, also 

associated with Th17 cells, has been shown to be essential for ILC2 cells development. The 

iconic IL-25-mediated-nuocyte-induced intestinal goblet-cell hyperplasia and eosinophilia is 

disrupted in mice with RORα deficiency [71]. ILC2 cells express high levels of GATA3. 

Considering that GATA3 serves as the master transcription factor driving Th2 

differentiation, it will be important to address the role of GATA3 in ILC2 cells. IL-13 

production by Ih2 cells was absent in N. brasiliensis-infected Il13yetCre/+Gata3fl/fl implying 

that IL-13 production by ILC2 cells is dependent on GATA3 [72]. However, whether this 

effect is cell intrinsic has not been determined since IL-13-Cre would also have deleted 

Gata3 gene in Th2 cells, which might regulate IL-13 production by ILC2s. Furthermore, 

whether GATA3 is involved in ILC2 development has not been addressed. Thus, the relative 

roles of RAR-related orphan receptor α (RORα) and GATA3 remain to be established.

The Th1 master transcription factor, T-bet, is also important in priming and regulating 

terminal maturation and peripheral homeostasis of cNK and NKT cells [115,116]. Its 

congener, eomesodermin, plays critical roles in innate CD8 T cells and cNK cell 

development [116].

Functionally, these cells share the property that they produce their signature cytokines in 

response to cytokine stimulation. Usually the requirement for optimal stimulation is a 

combination of an IL-1 family member and a STAT activator, the latter being the STAT 

activator usually associated with the differentiation of the Th cell that has the particular 

cytokine production pattern. In the case of Th2 cells, where this has been studied in detail, it 

appears that IL-1 family member functions through its activation of NF-κB and MAP 
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kinases, particularly p38. As each of the IL-1 family members shares this pattern of 

activation, the differences in cytokine production associated with different IL-1 family 

members probably reflects the linkage of receptor expression with state of cellular 

differentiation rather than a particular targeting of signals generated by a particular IL-1 

receptor family member to the transcription of a given cytokine. By contrast, the association 

between distinct STATs and patterns of cytokine production appears to reflect the targeting 

of the STAT to the promoter/enhancer of the cytokine locus in question, thus establishing a 

direct link between particular STAT activators and the production of particular cytokines.

Cytokine-induced cytokine production allows both innate and adaptive cells to rapidly sense 

perturbations during infection and inflammation, responding to distinct IL-1 family 

members and STAT activators with effector cytokine production (Figure 2). The importance 

of this mechanism is clear during certain types of infections. For example, after infection 

with N. brasiliensis, nuocyte numbers peaked at 5–7 days, the time point of the initiation of 

the Th2 response in the gut. Impaired nuocyte generation in commonγ/Rag knockout mice is 

associated with impaired worm expulsion, which was rescued by adoptive transfer in vitro 

expanded nuocytes [66]. Worm expulsion depended on the capacity of the nuocytes to 

produce IL-13 and to respond to IL-25 or IL-33. By contrast, during primary infection, 

worm clearance was not greatly impaired in mice whose CD4 T cells had a deficiency in 

producing IL-4 and IL-13, implying that IL-13 produced by nuocytes rather than Th2 cells 

plays the central role in worm expulsion [117]. Whether the dominance displayed by innate 

cells capable of producing IL-13 will be seen in mice that have expanded numbers of Th2 

cells needs to be determined.

Cytokine-induced cytokine production may also be important in chronic inflammation, 

although this remains to be established. However, the capacity of both innate cells and Th 

cells to produce cytokines that may stimulate production of inducing cytokines raises the 

possibility of self-reinforcing stimulatory loops. As an example, Th2 cells produce IL-4, 

IL-13, and TNFα, all inducers of TSLP production by keratinocytes and other epithelial 

cells. TSLP and IL-33, whose production can also be turned on during various types of 

inflammation, jointly activate IL-13 and TNFα production by Th2 cells. Thus, antigen/TCR 

driven production of signature cytokines by Th2 Teff cells in the tissues (skin, lung, and gut) 

may activate local epithelial cells and/or macrophages/dendritic cells to produce TSLP and 

IL-33, respectively. In turn, this would cause antigen-independent IL-13 and TNFα 

production by Th2 cells with the possibility of self-reinforcing loops allowing for continued 

production of effector cytokines well after the inducing antigen had disappeared.
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Figure 1. 
Co-stimulating Th2 cells with IL-33 and a STAT5 activator induces IL-13 production. 

Recently differentiated Th2 cells express high levels of GATA3 and IL-33R. When cells are 

cultured in medium containing IL-2 or IL-7, which Th2 cells rely on for survival, expression 

of both GATA3 and IL-33R decline. Upon stimulation with IL-33 and a STAT5 activator, 

GATA3 transcription is substantially increased. GATA3 and possibly activated STAT5 

jointly cause enhanced expression of IL-33R. Upregulated IL-33Rs allow for more efficient 

IL-33 signal transduction including robust activation of NF-κB, which together with 

GATA3 and possibly activated STAT5, leads to substantial IL-13 production.
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Figure 2. 
IL-1 family cytokine-induced cytokine production provides a mechanism for a rapid innate 

response. In a type 2-dominated airway response, respiratory epithelial cells and/or myeloid 

cells release a variety of cytokines including IL-33, IL-25, and TSLP. These cytokines could 

be recognized by receptors expressed on innate lymphoid cell (ILC2), natural killer T (NKT) 

cells, mast cells, basophils, and effector memory Th2 cells to induce IL-13 and IL-5 

production, contributing to rapid production of effector cytokines. In parallel, recognition of 

antigen on dendritic cells (DCs) by antigen-specific naïve and memory CD4 T cells results 

in cellular activation and proliferation, leading to an adaptive immune response. In intestinal 

mucosa, where a type 17 response plays a major role, IL-1β and IL-23 produced by mucosal 

epithelial cells and other cells after microbial invasion could induce innate IL-17 and/or 

IL-22 production from diverse cell subsets, such as ILC22, ILC17, LTi, NKT, γδ T cells, 

and effector memory Th17 cells. Such innate IL-17 and/or IL-22 sources are potential 

important sentinels for immune responses.
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Table 1

Shared properties of cells capable of cytokine-induced cytokine production.

Features of cytokine production

Cytokine produced IFNγ IL-13/IL-5/(IL-4) IL-17/IL-22

T helper cells Th1 Th2 Th17

Innate lymphoid cells cNK nuocytes ILC22

tNK natural helpers (NH) ILC17

innate helper type2 LTi

Innate-like T cells IL-18-responsive NKT subset IL-25 responsive NKT subset IL-23 responsive NKT subset

γδ T cell subset γδ T cell subset

Innate CD8 T cells

Receptors IL-18R T1ST2 (IL-33R) IL-1R1

IL-12R IL-17RB (IL-25R) IL-23R

IL-2R

IL-7R

TSLPR

Stimulating cytokines IL-18 IL-33/IL-25 IL-1β

IL-12 IL-2/IL-7/TSLP IL-23

Transcription factors T-bet (Th1, cNK, NKT subset) GATA3 (Th2 and ILC2 cells?) RORγt

Eomes (cNK and innate CD8 T) RORα (ILC2 cells) AhR
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