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Abstract

Cytokines are secreted or otherwise released polypeptide factors that exert autocrine and/or 

paracrine actions, with most cytokines acting in the immune and/or hematopoietic system. They 

are typically pleiotropic, controlling development, cell growth, survival, and/or differentiation. 

Correspondingly, cytokines are clinically important, and augmenting or attenuating cytokine 

signals can have deleterious or therapeutic effects. Besides physiological fine-tuning of cytokine 

signals, altering the nature or potency of the signal can be important in pathophysiological 

responses and can also provide novel therapeutic approaches. Here, we give an overview of 

cytokines, their signaling and actions, and the physiological mechanisms and pharmacologic 

strategies to fine-tune their actions. In particular, the differential utilization of STAT proteins 

by a single cytokine or by different cytokines and STAT dimerization versus tetramerization 

are physiological mechanisms of fine-tuning, whereas anticytokine and anticytokine receptor 

antibodies and cytokines with altered activities, including cytokine superagonists, partial agonists, 

and antagonists, represent new ways of fine-tuning cytokine signals.
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INTRODUCTION

The term cytokine was coined by Stanley Cohen and colleagues in 1974 to refer to a 

molecule, typically in the immune system, that is produced by one immune cell and acts 

on another (1). Cytokines can act in an autocrine fashion on the same cell or in a paracrine 

fashion on another cell, with some cytokines exerting both autocrine and paracrine actions. 

Cytokines typically act locally but potentially can act at a distance as well.

Cytokines can be grouped into multiple families, often on the basis of the structural 

considerations for the cytokines and their receptors as well as mechanisms of signaling. For 

example, type I cytokines have a four-α-helix bundle structure and include a large number 

of interleukins (see Table 1); typically their receptors are of the type I cytokine receptor 

family (historically also called hematopoietin receptors) and do not have intrinsic tyrosine 
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kinase domains, although two exceptions exist: the stem cell factor (SCF) receptor, c-KIT; 

and the colony-stimulating factor 1 (CSF-1) receptor (2). Instead of containing intrinsic 

kinase domains, type I cytokine receptors utilize Janus family tyrosine kinases (JAKs) and 

signal in part by the activation of signal transducer and activator of transcription (STAT) 

proteins (Figure 1a,b). In addition, they typically activate phospho-inositol 3-kinase and 

ERK-dependent signaling mechanisms. Normally, type I cytokines are monomers, although 

IL-5 and granulocyte CSF (G-CSF) are homodimers (3,4) and the IL-12 family cytokines, 

IL-12 (p35 and p40), IL-23 (p19 and p40), IL-27 (p28 and EBI3), and IL-35 (p35 and 

EBI3), are heterodimers (5). Most type I cytokines bind to receptors that are homodimers 

or heterodimers (2, 5, 6), but more complex structures also exist (2, 6). Type II cytokines 

comprise the interferons—type I interferons (IFN-α’s and IFN-β), type II interferon (IFN-γ) 

(Figure 1b), and type III interferons (IFN-λ’s, also sometimes referred to as IL-28 and 

IL-29)—and IL-10 family cytokines (7–9) (see Table 1). Like type I cytokines, type II 

cytokines also use JAK-STAT signaling as a major signaling pathway (10). IL-1 family, 

IL-17 family, and TNF family cytokines are quite distinctive structurally from type I and 

type II cytokines, and their receptors are also very different from the receptors for type I and 

II cytokines. Correspondingly, none of these families of cytokines use JAK-STAT signaling, 

and they instead all share NF-κB as a major signaling mechanism (11–15) (see Figure 1c, 

showing IL-17 family cytokines as an example).

As noted above, cytokines tend to exert a wide range of actions, typically on more than 

one cell type; thus, they are usually pleiotropic. Moreover, it is common to find cytokines 

with overlapping or similar actions, suggesting that the cytokines might have partially 

redundant functions. However, the phenotypes resulting from mutations or deletions of 

cytokines or their receptors, as are found in certain human diseases or in genetically 

altered mice, often indicate that the actions of different cytokines are distinctive rather 

than truly redundant. Even if actions are similar in vitro, this may not necessarily translate 

into identical in vivo actions because of differences in the spatial location and/or kinetics 

of expression of cytokines and their receptors. In some cases, cytokines within a family 

have functional similarities, but cytokines with completely distinctive topological folds and 

signaling mechanisms can functionally overlap as well. For example, IL-1, IL-6, and TNF 

are all proinflammatory cytokines (11–15).

Because of the potency of cytokine signals,it is essential for cytokines to be carefully 

regulated. Whether in response to pathogens, tumors, or various antigenic insults, and 

whether involving the innate or adaptive immune system, careful control of cytokine signals 

is critical for a robust and effective immune system. Here we explore some of the ways in 

which such signals can be rationally modulated and fine-tuned by either natural cytokines or 

engineered agonists or antagonists. In this review, we focus on type I cytokines.

JAK-STAT SIGNALING

As noted above, JAK-STAT signaling pathways are critical mediators of the actions of type 

I and type II cytokines. There are four JAKs (JAK1, JAK2, JAK3, and TYK2) and seven 

STAT proteins (STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B, and STAT6); STAT5A 

and STAT5B are the most conserved STAT proteins (>91% identical at the amino acid level) 
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and are encoded by adjacent genes, consistent with their having arisen by gene duplication 

(16). All seven STAT proteins share conserved functional domains [N-terminal, coiled-coil, 

DNA-binding, linker, Src homology 2 (SH2),and C-terminal transactivation domains] as 

well as a key tyrosine residue located between the SH2 and C-terminal transactivation 

domains that is a target for phosphorylation (17, 18). After a cytokine binds to its receptor, 

receptor-associated JAKs are activated and phosphorylate the receptor on tyrosine residues; 

some of these phosphorylated tyrosines and their flanking amino acids can then serve 

as docking sites for the SH2 domain of unphosphorylated STAT proteins and determine 

which STAT proteins can bind to the receptor (17, 18). The receptor-associated STAT(s) 

is then also phosphorylated by the JAKs, followed by interaction of the SH2 domain of 

one STAT molecule with the phosphorylated tyrosine of another and vice versa to form 

STAT homodimers and potentially heterodimers that then translocate to the nucleus, bind 

target sequences, and modulate expression of target genes (17, 18). All of the STAT proteins 

except STAT2 bind to GAS (IFN-γ-activated sequence) motifs (TTCN3GAA for STAT1, 

STAT3, STAT4, STAT5A, and STAT5B and TTCN4GAA for STAT6) (Figure 1a,b). STAT2 

heterodimerizes with STAT1, and this complex additionally interacts with IRF9 (interferon 

regulatory factor 9) to form ISGF3 (interferon-stimulated gene factor 3), which binds to 

ISRE (interferon-stimulated response element) motifs (17, 18) (Figure 1b). Given the large 

number of type I and type II cytokines but small number (only four) of JAKs, it is evident 

that individual JAKs can be activated by many cytokines (Table 2); JAK3 is distinctive in 

that it is only activated by one family of type I cytokines— IL-2, IL-4, IL-7, IL-9, IL-15, 

and IL-21—which share the common cytokine receptor γ chain, γc, which is the cytokine 

receptor subunit that uniquely associates with JAK3. Moreover, just as mutations in the gene 

encoding γc, IL2RG, cause X-linked severe combined immunodeficiency (XSCID; also 

known as SCID-X1) (19), JAK3 deficiency phenocopies the T−B+NK− phenotype [greatly 

diminished T and natural killer (NK) cells but normal B cell numbers] that is observed in 

XSCID (20,21). Mutations in IL7RA result in a T−B+NK+ immunodeficiency in humans; 

NK cell numbers are normal, given that IL-15 signaling is still intact (22–24). Although all 

cytokines that act via receptor homodimers only activate JAK2, other cytokines typically 

activate two or even three different JAKs; for example, the six γc family cytokines all 

activate JAK1 as well as JAK3 (Table 2). Given the relatively limited number of STAT 

proteins, each is also utilized by more than one cytokine. Some STATs are activated by 

relatively few cytokines: For example, STAT6 is only activated by IL-4 and IL-13; STAT2 is 

activated primarily by type I interferons; and STAT4 is activated primarily by IL-12, IL-23, 

and IL-35 (Table 2). In contrast, STAT1, STAT3, and STAT5 (i.e., STAT5A and STAT5B) are 

much more broadly activated (25–28) (Table 2).

Potential Involvement of JAK-STAT Polymorphisms in Human Diseases—In 

addition to gene mutations such as those found in JAK3-deficient patients that abrogate 

JAK-STAT signaling by γc-dependent cytokines, genome-wide association studies have 

revealed a number of polymorphisms present in genes for both JAKs and STATs, and 

some of the polymorphisms show significant association with susceptibility to autoimmune 

and inflammatory diseases and/or malignancies in humans (29–40) as well as with disease 

progression and response to the treatment (38, 41–44). For example, genetic variants in 

the TYK2 gene have been reported across a range of autoimmune disorders. Given that 
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TYK2 is activated by type I interferons and select other cytokines (e.g., IL-12), this 

JAK is a potentially important target for modulating cytokine signaling. The absence 

of TYK2 is generally associated with immunodeficiency and severe infections, but a 

polymorphism was identified in the TYK2 gene that is associated with protection from 

a number of autoimmune diseases, whereas another correlates with protection from 

some but not for other autoimmune disorders (45). Interestingly, in psoriasis patients, 

noncoding polymorphisms potentially affecting STAT3 and STAT4 binding were identified 

at susceptibility loci (46), and polymorphisms associated with coronary artery disease and 

type 2 diabetes disrupt STAT1 binding to enhancers in the 9p21 gene desert, thereby 

affecting long-range chromatin interactions in this region and resulting in an impaired IFN-γ 
response (47). Thus, naturally arising polymorphisms in JAK/STAT signaling pathways 

that modulate signaling are indicative of additional ways to fine-tune cytokine signals, 

potentially with therapeutic benefit.

Physiological Fine-Tuning of Cytokine Signals

Fine-tuning the immune response by differential activation of multiple STATs 
by a single cytokine or by differential STAT protein activation by two different 
cytokines.: As noted above, STAT1, STAT3, and STAT5 proteins are activated by multiple 

cytokines, but normally only one or two of these STAT proteins are strongly activated by 

each cytokine. For example, IL-2, IL-7, IL-9, and IL-15 dominantly activate STAT5A and 

STAT5B, with less potent activation of STAT1 and STAT3 (48). In contrast, IL-21 most 

potently activates STAT3, with less potent activation of STAT1 and STAT5 proteins. For 

IL-21, STAT3 activation is also more sustained, whereas activation of STAT1 and STAT5 is 

more transient (28, 49).

Although many STATs can bind to similar or even the same GAS motifs, the gene 

expression pattern mediated by each STAT varies. In the case of IL-21,more genes are 

dependent on STAT3, but IL-21-mediated STAT1 activation also serves a critical role 

(49).For example,IL-21 augments T-BET and IFN-γ expression via STAT1 in a T helper 

type 1 (Th1)-dependent fashion, and in fact IL-21-mediated activation of STAT3 can inhibit 

T-BET and IFN-γ induction, with higher IL-21-induced Tbx21 and Ifng gene expression 

in Stat3-deficient mice (49); this indicates that STAT3 indeed negatively regulates the 

expression of these genes (Figure 2a). Corresponding findings were observed for the 

human TBX21 and IFNG genes based on studies with cells from patients with autosomal 

dominant hyper-IgE syndrome (AD-HIES, also known as Job syndrome) (49), a disease 

with STAT3 deficiency caused by autosomal dominant mutations in STAT3 that result in 

a condition where cells are hypomorphic for STAT3 activation (50,51). Tuning STAT3 

and STAT1 activity by Fas has also been demonstrated (52). In addition to its function 

in mediating apoptosis, Fas can increase autoimmunity not only by promoting pathogenic 

Th17 differentiation and stabilizing Th17 cells in a STAT3-dependent fashion but also by 

preventing Th1 differentiation via its binding to and sequestering STAT1. In Fas-deficient 

cells, IL-6-induced STAT1 activation and a Th1-associated transcription program are 

favored, whereas this is not observed in Fas-deficient cells that additionally lack STAT1. 

Thus, modulating Fas levels can fine-tune the balance of Th17 and Th1 differentiation 

by controlling available STAT3- versus STAT1-mediated gene activation. Accordingly, the 
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IL-21 and Fas/IL-6 studies discussed above together indicate that the relative potency of 

the STAT3 versus STAT1 signal determines gene expression and represents a mechanism 

for fine-tuning the signal(s) induced by IL-21 and/or IL-6. There is now an increasing 

appreciation of the complexity of IL-21–STAT3 signaling, which involves the binding 

of multiple factors to AP1-IRF composite elements (AICEs) (53, 54), where STAT3 is 

associated with IRF4, AP-1, MAF, and p300 in a genome-wide fashion, and potentially 

other factors as well (55, 56). Because these AICEs do not always recruit the same FOS or 

JUN family proteins—for example, BATF versus FOSL and cJUN versus JUNB or JUND 

for the AP-1 elements (53, 54, 56, 57), it is conceivable that the specific transcription 

factors found in association with STAT3 and/or IRF4 help to determine the potency and/or 

specificity of the cytokine effect, potentially providing an additional mechanism for fine-

tuning cytokine signaling.

Fine-tuning of cytokine signaling can also be mediated by the relative potency of activation 

of two or more STATs by a single cytokine or by the balance of signaling by two 

different cytokines, each of which preferentially activates a different STAT protein (Figure 

2b).For example,Th9 and T follicular helper (Tfh) differentiation processes are balanced 

by opposing actions of IL-2 and IL-21. In Th9 differentiation, IL-2 promotes and IL-21 

inhibits the differentiation (58), whereas in Tfh differentiation, the situation is reversed 

(59,60). Thus, the relative potency of each cytokine signal affects the types of cells that are 

produced, and for both Th9 and Tfh differentiation, the balance of IL-2-activated STAT5 

versus IL-21-activated STAT3 is critical.

Th17 differentiation is an IL-6-dependent process that is mediated in part via STAT3, 

and it involves an IL-21–IL-23 cytokine cascade (61–66) that promotes efficient Th17 

differentiation in a STAT3-dependent manner. Interestingly, similar to Tfh differentiation, 

Th17 differentiation is also regulated by a balance between cytokines that activate STAT3 

versus STAT5, with IL-2/STAT5 inhibiting Th17 differentiation (67). Mechanistically, it 

was suggested that IL-2-activated STAT5 inhibits IL-6-activated STAT3-mediated induction 

of the Il17a gene by competitive binding (67). In addition, IL-2 via STAT5 also inhibits 

gp130 expression, thus diminishing IL-6 signaling (68); moreover, by its STAT5-dependent 

induction of T-BET (68), IL-2 can potentially squelch Th17 differentiation by T-BET-

mediated interaction with RUNX1, thereby potentially diminishing the interaction of RORγt 

with RUNX1 (69), which is required for Th17 differentiation (63). Thus, the type and 

extent of Th differentiation can be fine-tuned by the balance of STAT5 versus STAT3 

activation by cytokines in the overall cellular milieu. Corresponding to these in vitro 

observations for Th17 differentiation, IL-23 production and IL-23R cell surface expression 

on T cells are increased in patients with systemic lupus erythematosus, and T cells from 

these patients have increased IL-17 production but decreased IL-2 production in response to 

IL-23 stimulation (70).

IL-27 is an IL-12 family heterodimeric cytokine, but unlike IL-12 and like IL-6, it uses 

gp130 as a receptor component and activates both STAT3 and STAT1 (71). As discussed 

above, IL-6 promotes Th17 differentiation but also suppresses Th1 differentiation, whereas 

IL-27 suppresses Th17 but promotes Th1 differentiation (5). Thus, the balance of IL-6 

and IL-27 represents another mechanism for fine-tuning the T cell response. Interestingly, 
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despite their opposing biological effects, most genes are commonly regulated at the 

transcriptional level by IL-6 and IL-27, which is explained by the finding that STAT3 

controls the expression of genes commonly regulated by both cytokines (72).

Another example of fine-tuning relates to the balance of IL-12 and IL-23.IL-12 (a 

heterodimer of p35 and p40) is essential for Th1 differentiation (73), whereas IL-23 (a 

heterodimer of p19 and p40) promotes Th17 differentiation (74). The distinctive actions 

of IL-12 and IL-23 are likely at least in part due to their binding to distinctive receptor 

components (IL-12Rβ2 versus IL-23R) and activating different STAT proteins (STAT4 by 

IL-12 and STAT3 by IL-23), despite both cytokines sharing IL-12Rβ1 and activating JAK2 

and TYK2 (5, 75). The action of IL-23 has been associated with a number of autoimmune 

and chronic inflammatory diseases (75) as well as certain cancers (76, 77; reviewed in 78), 

and identifying therapeutic agents to specifically block IL-23 action has become an area 

of interest related to autoimmune and inflammatory disorders (75, 79, 80). The structure 

of the IL-23–IL-23R complex has revealed that the N-terminal immunoglobulin domain on 

IL-23R and Trp157 of the IL-23 p19 subunit are critical for IL-23 binding with high affinity 

and provided a mechanistic basis for rationally designing agents to specifically block IL-23 

action and suppress pathological Th17 responses (81), with implications for IL-12 as well.

Two cytokines that activate different STAT proteins can not only compete, but they 

can alternatively potentially cooperate to induce the net biological outcome (Figure 2b). 

For example, optimal Th2 differentiation requires both IL-2 and IL-4, which activate 

mainly STAT5 and STAT6, respectively, and these signals together cooperate in this 

context. Whereas IL-4-mediated STAT6 is the critical signal to drive Th2 differentiation 

(82), IL-2 and STAT5 are required for efficient priming of cells for Th2 differentiation, 

both by promoting open chromatin at the Il4 locus (83, 84) and by binding and 

activating transcription at the Il4ra locus, thereby enhancing IL-4Rα expression and cellular 

responsiveness to IL-4 (85). Analogously, for Th1 differentiation, IL-2 via STAT5 enhances 

T-BET and IL-12Rβ2 expression, thereby priming cells for IL-12 responsiveness (68), with 

associated STAT4 activation, which then can drive Th1 differentiation. Thus, cytokine fine-

tuning can result from either opposing actions of two cytokines or cooperation of cytokines 

and sometimes involves cytokine cascades; an example can be seen in the context of Th17 

differentiation for IL-6, IL-21, and IL-27 (62).

Fine-tuning of cytokine signals via STAT tetramerization versus dimerization.: It is 

well established that STAT dimers are the basic core functional units that bind to consensus 

GAS motifs (17, 18), with high-resolution X-ray crystallographic structures for STAT1 

and STAT3β dimers bound to DNA (86, 87). However, STAT proteins can also form 

tetramers that can bind to tandem GAS motifs, including lower-affinity nonconsensus 

motifs (88–90). Formation of tetramers depends on N-terminal domain–mediated interaction 

between two dimers, and tetramer formation then allows the cooperative binding of STAT 

proteins to DNA containing both consensus and nonconsensus GAS motifs (88–90).The 

key amino acids that mediate the N-terminal domain interaction in STAT4 were identified 

by X-ray crystallographic structure analysis (91), and these residues are highly conserved 

in the N-terminal domains of STAT1, STAT3, STAT4, STAT5A, STAT5B, and STAT6. 

Because the N-terminal domain interaction is not dependent on tyrosine phosphorylation, 
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unphosphorylated STATs can form alternative dimers via N-terminal domain interactions 

(92–96). STAT protein tyrosine phosphorylation and nuclear translocation are additionally 

needed, as are two tandemly linked GAS or GAS-like motifs on DNA segments with 

favorable spacing to allow STAT tetramer formation (89, 90, 97, 98).

The in vivo biological importance of STAT5 and STAT1 tetramers has been studied 

using knock-in mice that contain mutations in critical residues in either the N-terminal 

domains of both STAT5A and STAT5B or the N-terminal domain of STAT1.Such mutations 

abolish STAT5 and STAT1 tetramer binding, respectively, without affecting tyrosine 

phosphorylation or binding as dimers (97, 99). STAT5 tetramer–deficient mice are viable 

and develop normally (97, 99), in contrast to Stat5a/Stat5b double knockout mice, which 

exhibit fetal lethality (100) (Figure 3a). Nevertheless, STAT5 tetramers are required for 

normal numbers of CD8+ T and NK cells, the expansion of antigen-specific CD8+ T 

cells in response to viral infection, NK cell maturation and survival, particularly after 

IL-15 withdrawal, and the normal function of regulatory T cells (Tregs), but they are not 

required for the development of normal numbers of B and CD4+ T cells (97, 98) (Figure 

3b). In contrast to the situation for the STAT5 tetramer–deficient mice, there is severely 

impaired development and differentiation of lymphoid cells in Stat5a/Stat5b conditional 

double knockout mice (101), which lack both STAT5 dimers and tetramers. These results 

indicate essential, nonredundant roles of STAT5 tetramers and dimers. STAT5 dimers are 

essential for viability, and in a setting where STAT5 dimers exist, the addition of STAT5 

tetramers allows further enhancement of cellular development and function.

In contrast to the markedly compromised interferon responses in Stat1 knockout mice 

(102) (Figure 3a), STAT1 tetramers are vital for type II interferon (IFN-γ) and antibacteria 

activities but are dispensable for at least some type I interferon (IFN-α/β) activity (99) 

(Figure 3b). Thus, whereas mice completely lacking STAT proteins typically have profound 

phenotypes, the phenotypes observed with tetramerization-deficient STAT proteins, for both 

STAT5 proteins and STAT1, are more modest. These results indicate that STAT tetramers 

have distinctive roles from STAT dimers and that the formation of STAT tetramers is a way 

of fine-tuning cytokine signaling. Selectively targeting tetramers without affecting dimers 

may be a rational approach for modulating cytokine responses.

It is interesting that at least for STAT5, STAT tetramers preferentially bind to DNA motifs 

that are separated by either a full helical turn or approximately 0.5 or 1.5 helical turns 

(97, 103). Whether there are differences in the signal mediated by STAT5 tetramers—either 

qualitative or quantitative—depending on the inter–GAS motif spacing is unknown, but 

this conceivably might represent another mode by which the potency or the nature of the 

tetramer signal can be fine-tuned.

Possible control of cytokine signals by unphosphorylated STAT proteins.: STAT proteins 

offer additional complexities, with possible roles for unphosphorylated STAT proteins 

related to influencing cytokine signals. For example, following interferon stimulation, 

STAT1 is tyrosine phosphorylated and translocates to the nucleus, but then the amount 

of unphosphorylated STAT1 increases as STAT1 is then dephosphorylated; and nuclear 

unphosphorylated STAT1 was reported to be complexed with unphosphorylated STAT2 
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and IRF9 and to serve to sustain the expression levels of interferon-induced genes 

(104, 105). Furthermore, unphosphorylated STAT5 proteins were detected in primary 

hematopoietic stem/progenitor cells colocalized with CTCF, potentially serving to suppress 

hematopoietic differentiation (106). Intriguingly, thrombopoietin-mediated phosphorylation 

of STAT5 not only induces its own gene expression program but also results in the loss 

of unphosphorylated STAT5, and it was proposed that the effect of thrombopoietin is 

influenced by the level of phosphorylated versus unphosphorylated STAT5 (106). Overall, 

these findings suggest that unphosphorylated STAT1 and STAT5 may provide additional 

mechanisms for fine-tuning the actions of cytokines.

Potential Roles of Mitochondrial STATs in Fine-Tuning Cytokine Actions—In 

addition to their critical roles in the regulation of expression of cytokine and growth 

factor target genes in the nucleus, some STAT proteins, including STAT1, STAT2, STAT3, 

STAT5, and STAT6, have also been detected in mitochondria (reviewed in 107, 108). The 

function of mitochondrial STAT proteins may vary, with STAT1 contributing to limiting 

mitochondrial biogenesis (107) and both STAT1 and STAT2 contributing to inhibition 

of mitochondrial RNA expression (107). Mitochondrial STAT3 has been reported to be 

involved in a number of metabolic and mitochondrial functions, including the regulation 

of cellular respiration, mitochondrial membrane potential, mitochondrial ROS production, 

ATP production, inhibition of mitochondrial permeability transition pore opening, protection 

against ischemia/reperfusion and cardiac injury, and TNF-induced necroptosis (reviewed 

in 107). Interestingly, serine phosphorylation of STAT3 on S727, but not tyrosine 

phosphorylation of STAT3, is required for STAT3 binding to mitochondrial protein 

GRIM-19 (genes associated with retinoid-interferon-induced mortality 19), a component 

of the electron transport chain (ETC), and their cotranslocation from cytosol to mitochondria 

and thus for their function (109–111). ETC activity is decreased in the absence of STAT3 

and can be restored when STAT3 is expressed in mitochondria (108). Mitochondrial STAT3 

localizes to the inner mitochondrial membrane and matrix and is required for optimal 

activity of the ETC (112) and for Ras-mediated oncogenic transformation by maintaining 

the glycolytic and oxidative phosphorylation levels in tumor cells (113). Consistent with 

these findings, targeting mitochondrial STAT3 can inhibit cancer cell growth (114, 115). 

In a colorectal cancer model, targeting STAT3 in intestinal epithelial cells can cause 

enhanced mitophagy, which leads to the uptake of complete antigen-MHC complexes by 

dendritic cells and their presentation to and activation of CD8+ T cells, a process that can 

promote antitumor immunity and host defense to viruses (116). In contrast to mitochondrial 

STAT3, much less is known about the importance of mitochondrial STAT5 and STAT6. 

The involvement of mitochondrial STAT proteins in cytokine actions, especially during the 

immune response, warrants further investigation, and this might provide additional means 

for fine-tuning cytokine actions.

Fine-Tuning of Cytokine Signals by Superenhancers—Superenhancers, also known 

as stretch enhancers, are regulatory elements that are composed of the extended regions 

with highly enriched binding of cohesin, Mediator, p300, CBP, and other factors associated 

with enhancer activity (117–119). Superenhancers are often associated with master 

regulator genes, oncogenes, and genes associated with cell identity, as well as locus 
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control regions (119, 120). In addition, superenhancers have been associated with cytokine-

induced and disease-associated genes (119,121–123). Importantly, when superenhancers 

were ranked based on STAT-binding intensity, there was a strong correlation between genes 

containing the most highly ranked STAT5-bound and STAT3-bound superenhancers and 

their inducibility by IL-2 and IL-21, respectively (122). Interestingly, the most highly 

ranked IL-2/STAT5-based superenhancer in mouse CD4+ and CD8+ T cells was located 

in the Il2ra gene, which encodes IL-2Rα (122), with similar high inducibility of the 

corresponding human IL2RA gene (122). Moreover, the Il2ra gene was also highly ranked 

based on p300-binding intensity under Th1, Th2, and Th17 conditions (121). Deletion of an 

autoimmune-associated enhancer element in the Il2ra gene by CRISPR-Cas9 only partially 

affected IL-2Rα expression in effector T cells, with a delayed T cell receptor– induced 

response (123). There was not a decrease in Tregs, but Tregs lacking the element had 

decreased viability at low concentrations of IL-2, and naive CD4+ T cells were more skewed 

toward proinflammatory Th17 differentiation than Treg differentiation (123). Importantly, 

although the mouse Il2ra superenhancer region had 13 principal STAT5-binding elements, 

deletions of three separate elements each substantially lowered Il2ra gene expression, 

indicating that the elements were not functionally redundant and allowing dissection of 

the elements of this superenhancer (122). Modulating IL-2Rα levels thus provides a 

means of tuning IL-2 responsiveness, and superenhancers thus provide a mechanism for 

sustaining and/or fine-tuning cellular responsiveness to this cytokine. In addition to the 

Il2ra superenhancer, IL-2/STAT5 superenhancers were identified in a range of other genes, 

including genes encoding other cytokines (e.g., Lta, Lif, and Osm); cell cycle–related genes 

(e.g., Cdk6); and a negative regulator of cytokine signaling, Cish (122). Thus, cytokine-

induced STAT5-based superenhancers represent a mechanism for broadly affecting cytokine 

responsiveness, including both enhancing (e.g., by modulating Il2ra expression) and limiting 

(e.g., by modulating Cish expression) cytokine signaling. Together with competition among 

cytokines and STATs and STAT tetramerization, superenhancer-mediated regulation of 

key genes is another physiological mechanism for influencing and fine-tuning cytokine 

responses.

Pharmacological and/or Therapeutic Tuning of Cytokine Signals—Above, we 

have considered physiological mechanisms of tuning cytokine signals, including by the 

differential use of STAT proteins, JAK/STAT polymorphisms, STAT tetramerization, and 

superenhancers. However, there are a range of approaches for pharmacologically and 

potentially therapeutically fine-tuning cytokine signals.

Targeting the JAK-STAT pathway with JAK inhibitors.: As discussed above, the JAK-

STAT pathway plays essential and critical roles in mediating cytokine signals and a range 

of cellular actions. Because there are only four JAKs and a large number of cytokines that 

use JAK-STAT signaling, JAK inhibitors cannot specifically inhibit a single cytokine, but 

they still exhibit partial specificity, affecting some cytokines but not others. In particular, 

JAK3 is used only by the six γc family cytokines (48), and the discovery of JAK3-deficient 

SCID led to the speculation that JAK3-specific inhibitors would be immunosuppressive (20), 

enhancing interest in the development of such agents. Indeed, tofacitinib (124) was approved 

by the US Food and Drug Administration (FDA) in 2012 for the treatment of patients with 
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rheumatoid arthritis who do not respond to methotrexate and in 2018 for the treatment of 

adult patients with moderate to severe ulcerative colitis, and it is also in clinical trials for 

the treatment of patients with other inflammatory disorders, including psoriasis and juvenile 

idiopathic arthritis (125, 126). IL-21 has a clear association with autoimmune disease mouse 

models of type 1 diabetes, systemic lupus erythematosus, and uveitis (127–129) as well 

as with a range of human infectious, inflammatory, and autoimmune diseases based on 

genome-wide association studies (130, 131); thus, the effectiveness of JAK3 inhibition is 

likely due, at least in part, to its ability to inhibit the actions of IL-21.

Tofacitinib was developed as a JAK3 inhibitor, but it also inhibits JAK1 and JAK2 to some 

degree (124). Accordingly, there is considerable interest in more-selective JAK inhibitors. 

Recently, highly selective JAK3 inhibitors were identified that bind to JAK3 Cys909 near 

the ATP-binding site, a residue that is absent in other JAKs (132–134). Studies with the 

JAK3-specific inhibitor, JAK3i, indicated that there are two waves of STAT5 activation by 

CD4+ T cells in response to IL-2 and that JAK3i preferentially inhibits the second wave, 

which correlates with its inhibition of cyclin expression and cell cycle progression (135).As 

such,JAK3i is not only selective for γc family cytokines, which are the only cytokines that 

use JAK3, but it may also be somewhat selective with regard to part of the IL-2 signal. 

Another JAK3-specific inhibitor, PF-06651600, is a covalent irreversible inhibitor that binds 

to Cys909, and it also selectively inhibits γc family cytokine–induced STAT activation, 

without affecting cytokine-induced STAT activation via JAK1, JAK2, and TYK2 (136, 137). 

Although it is not yet clear whether selective JAK3 inhibitors are superior to tofacitinib 

from a clinical perspective, these agents may allow more precise fine-tuning and selective 

targeting of γc-cytokine-specific pathways.

Beyond autoimmune diseases, JAK inhibitors can be potentially therapeutic in cancer, given 

that constitutively activated JAK-STAT pathways are associated with certain malignancies. 

This was first observed in the context of human T cell lymphotropic virus I (HTLV-I) (138), 

v-Abl (139), and the Src oncogene (140). In HTLV-I-induced adult T cell leukemia, the 

transition from the cytokine-dependent proliferation to cytokine-independent proliferation 

has been correlated with the acquisition of an activated JAK-STAT pathway (138,141).Gain-

of-function mutations in the JAK-STAT pathway can result in excessive inflammation and/or 

malignancies (142), and targeting JAK-STAT signaling can be therapeutic (125,142,143).In 

the chronic/smoldering form of adult T cell leukemia, the activated JAK-STAT pathway is 

driven by cytokines, and JAK inhibitors diminish this proliferation in vitro (142), suggesting 

that this may represent a rational therapeutic approach.

Besides the JAK3 inhibitors noted above, there are a range of inhibitors of other JAKs (144). 

Ruxolitinib preferentially inhibits JAK1 and JAK2 and was approved by the FDA for the 

treatment of patients with intermediate- or high-risk myelofibrosis (145) and polycythemia 

vera (146), myeloproliferative diseases associated with gain-of-function mutations in JAK2. 

Relatively specific JAK2 inhibitors are also being developed and evaluated to better restrict 

the pathways affected, such as CHZ868, which is a type II JAK2 inhibitor (147). It 

will be interesting to determine whether more specific inhibition of JAK2, analogous to 

JAK3 inhibitors, results in better fine-tuning of cytokine responses and whether this offers 

therapeutic advantages over ruxolitinib. In addition to ruxolitinib, another JAK inhibitor 
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with specificity for JAK1 and JAK2, baricitinib, was approved by the FDA in 2018 for 

the treatment of adults with moderately to severely active rheumatoid arthritis who do not 

sufficiently respond to or cannot tolerate methotrexate. More selective JAK1 inhibitors, 

filgotinib and upadacitinib (ABT-494), are also in various phases of clinical trials for 

rheumatoid arthritis, Crohn disease, ulcerative colitis, atopic dermatitis, and moderate to 

severe plaque psoriasis (125, 148).

Tuning the JAK-STAT pathway with STAT inhibitors.: Inhibiting STAT proteins is 

another mechanism for controlling cytokine signaling. With only seven STATs and many 

cytokines, inhibition of a STAT will not be cytokine specific, but inhibiting a STAT 

potentially has the ability to fine-tune the signal from a particular cytokine (e.g., inhibiting 

the STAT1 or the STAT3 component of IL-21 signaling while leaving the others intact). 

Moreover, gain-of-function mutations in STAT proteins, particularly in STAT3 and STAT5B, 

have been reported in patients with both solid and hematopoietic malignancies (149). Most 

of the somatic mutations in STAT3 and STAT5B found in patients with hematopoietic 

malignancies occur in the SH2 domains (150–154),making the mutant STAT proteins more 

resistant to dephosphorylation and thus resulting in sustained STAT activation. Identifying 

molecules that block STAT dimer formation by targeting the SH2 domain could potentially 

be effective in controlling the STAT and could be of therapeutic interest as well (155, 

156). For STAT3, a range of different types of inhibitors have been developed, including 

an antisense oligonucleotide targeting the STAT3 3’ untranslated region (AZD9150), 

a cyclic STAT3 decoy oligonucleotide (157), and small-molecule inhibitors (C188–9, 

OPB-31121, and OPB-51602) that block STAT3 dimer formation by either inhibiting 

tyrosine phosphorylation or binding to the SH2 domains. In addition to STAT3 inhibitors, 

there now are also a range of STAT5 inhibitors under evaluation (158–161). Such agents 

offer potential for degrees of specificity in regulating signaling by a range of different 

cytokines, with associated tuning of the biological response.

Therapeutic approaches for CRISPR-Cas9 as an approach to correct 
immunodeficiencies that are diseases of defective cytokine signaling.: A range of 

primary immunodeficiency diseases result from mutations or deletions in genes encoding 

cytokines, cytokine receptors, or signaling molecules, including IL2RA, IL2RG, IL7R, 

IL21, IL21R, JAK3, STAT1, STAT3, and STAT5B (19–22, 162–166). Accordingly, these 

are diseases of defective cytokine signaling, and the nature of disease corresponds to the 

particular pathways that are disrupted. For patients with well-matched donors, allogeneic 

hematopoietic stem cell transplantation resultsin survival rates of approximately 90% (167–

169), but for those lacking such donors, gene therapy can be effective (170–173). Although 

retroviral-insertion-mediated T cell leukemia occurred in several patients with XSCID (174, 

175), newer gene therapy approaches such as lentiviral vectors or self-inactivating retroviral 

vectors driven by the human elongation factor (EFα1) promoter without viral enhancers can 

reconstitute T cell numbers in XSCID patients (176).

CRISPR-Cas9 genome-editing technology is an approach to potentially precisely correct 

the mutation without the risk of gene insertion and mutation (177), or it can be used to 

introduce a normal cDNA into the gene locus. Considerable advances have been made 
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with this approach, e.g., for correcting the gene defect in sickle cell disease (178), with 

work for XSCID and JAK3 deficiency underway (179). Select diseases including XSCID, 

JAK3-deficient SCID, and IL7Rdeficient SCID are ideal models for gene therapy in that 

corrected cells have a selective growth and survival advantage. Whereas correcting or 

replacing the defective gene to augment signaling is not a mechanism of fine-tuning per 

se, it provides the basic machinery for cytokine signaling that previously was absent in the 

affected patients. Interestingly, hypomorphic immunodeficiencies can exist, as for example 

was identified related to XSCID. One family had a moderate form of X-linked combined 

immunodeficiency (XCID) wherein T cells develop but their function is not normal (180, 

181). Like XSCID, XCID results from a mutation in γc (182, 183), but signaling and 

immune function are diminished rather than abrogated. XCID can be viewed as a naturally 

occurring type of partial agonism (discussed below) and is consistent with the idea that 

function might be diminished for potential therapeutic benefit without being completely 

eliminated.

Strategies to improve chimeric antigen receptors by borrowing JAK-STAT protein 
docking sites from cytokine receptors.: CD19 chimeric antigen receptor (CAR)-T cells 

are effective in treating hematologic/immunologic malignancies, like B cell lymphoma, 

but they are less effective for solid organ tumors (184). To improve its anti–solid organ 

tumor activity, researchers have developed a novel CAR construct [28-IL2RB-z(YXXQ)] 

that contains the CD28 costimulatory domain, a truncated IL-2Rβ cytoplasmic domain, the 

TCR ζ chain cytoplasmic domain, and a STAT3 docking site (YXXQ) derived from IL-21R 

(185). STAT3 and STAT5 are activated in 28-IL2RB-z(YXXQ) CAR-T cells in response 

to antigen stimulation, and the cells show potent proliferation without significant terminal 

differentiation. Interestingly, the gene expression signature in these CAR-T cells resembles 

those seen in IL-21-treated cells. As a result, the 28-ΔIL2RB-z(YXXQ) CAR-T cells show 

persistent and markedly better in vivo antihematologic and anti–solid organ tumor activity 

and represent a way of enhancing and expanding what is in part a cytokine-related signal 

without cytokine stimulation.

Strategies for targeted therapies by modulating cytokine responses: therapy with 
IL-2 and IL-2–anti-IL-2 conjugates.: The early findings that IL-2 can potently expand 

effector T cells and enhance NK cell cytotoxicity in vitro led to studies that showed that 

administration of high-dose IL-2 could inhibit the growth in mice of established pulmonary 

metastases from B16 melanoma and subcutaneous MCA-105 sarcoma (186). Indeed, 

infusion of high-dose recombinant human IL-2 was the first cytokine therapy to achieve 

durable cancer regression, with some patients achieving long-term complete remissions 

(187, 188), and IL-2 was approved for treatment of patients with metastatic renal cancer and 

melanoma by the FDA in 1992 and 1998, respectively. Although effective in some patients, 

IL-2 therapy can have severe side effects, including capillary leak syndrome (188). IL-2’s 

ability to potently expand T cells that retain responsiveness also led to the development 

of adoptive cell therapy (ACT) (189,190). ACT has been performed with autologous tumor-

infiltrating lymphocytes, with patient T cells that are genetically engineered with chimeric 

antigen receptors (184, 188, 191), and with tumor-reacting autologous T cells from patients 

that were expanded in vitro using IL-2 (188, 192).
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Tregs maintain self-tolerance and suppress excessive immune responses to protect the host 

from harm (193, 194). In addition to its ability to potently expand effector T cells, IL-2 

is essential for the normal development and maintenance of Treg numbers (195), with 

IL-2 acting via the high-affinity IL-2 receptors that are constitutively expressed on these 

cells (196, 197). Accordingly, Tregs can respond to an approximately tenfold-lower dose 

of IL-2 than is needed to expand effector or memory T cells (198), which allows the 

preferential in vivo expansion of Tregs by low-dose IL-2. Administration of low-dose IL-2 

can expand Tregs in patients with chronic graft-versus-host disease who have dysfunctional 

Tregs and are refractory to glucocorticoid therapy (199, 200) as well as in patients with 

autoimmune disorders including type 1 diabetes (198, 201, 202) and systemic lupus 

erythematosus (203, 204). Although IL-2 has a very short half-life in vivo (188), complexing 

anti-IL-2 antibodies to IL-2 can prolong IL-2’s half-life and enhance its potency, both in 

vitro and in vivo (205, 206). Interestingly, anti-IL-2 monoclonal antibody JES6–1 when 

complexed with IL-2 mimics low-dose IL-2 and preferentially expands Tregs, whereas 

anti-IL-2 S4B6 monoclonal antibody complexed with IL-2 mimics high-dose IL-2 and 

potently expands effector T cells (206). Although both monoclonal antibodies extend the 

half-life of IL-2 in vivo, they differentially affect the affinity of ligand-receptor subunit 

interactions by binding to different epitopes of IL-2 (207). When complexed to IL-2, 

JES6–1 monoclonal antibody sterically blocks the interaction of IL-2 with IL-2Rβ and γc, 

thereby lowering the binding of IL-2 to IL-2Rα on IL-2Rαlow effector cells but favoring 

IL-2Rαhigh Tregs. In contrast, S4B6 monoclonal antibody sterically blocks the interaction 

of IL-2 with IL-2Rα, augmenting the affinity and stability of the IL-2:IL-2Rβ interaction 

and potently expanding IL-2Rβhigh effector T cells (207). Thus, using low-dose versus 

high-dose IL-2 and using IL-2 combined with JES6–1 versus S4B6 monoclonal antibodies 

are approaches for differentially controlling the effect of IL-2 on Tregs versus T effector 

cells. Similar to anti-mouse IL-2 monoclonal antibody JES6–1, a fully human anti-IL-2 

antibody (F5111.2) has been identified, and when complexed with IL-2, it preferentially 

activates STAT5 in Tregs and expands Tregs in vivo (208). Importantly, F5111.2–IL-2 

complexes can induce remission of type 1 diabetes in a mouse model, reduce the severity 

of experimental autoimmune encephalomyelitis, and protect mice against xenogeneic graft-

versus-host disease (208).

Soluble IL-15–IL-15Rα complexes have also been developed and can potently and 

selectively expand memory CD8+ T cells, whereas soluble anti-IL-2Rα suppresses IL-2-

induced expansion of memory CD8+ T cells (209).Moreover, a single-chain IL-15–IL-15Rα 
fusion protein, denoted RLI (receptor linker IL-15) (210, 211), acts as a superagonist, with 

more sustained STAT5 activation compared with IL-15.RLI preferentially expands memory 

phenotype CD8+CD44high T cells but not CD4+ T cells or Tregs in vivo (212). Interestingly, 

in a mouse tumor model, RLI exhibits antitumor activity when administered early but is not 

effective unless combined with anti-PD-L1 when administered late, due to its inability by 

itself to expand exhausted CD8+ T cells (212).

Th2 cytokines, including IL-4, IL-5, IL-13, and thymic stromal lymphopoietin (TSLP), 

play major roles in allergic diseases, such as atopic dermatitis and asthma (213, 214). 

IL-4Rα is a shared signaling component of IL-4 and IL-13 receptors, and either a mutant 

IL-4 or a blocking IL-4Rα monoclonal antibody can markedly suppress IL-4 and IL-13 
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responses (215, 216). A number of monoclonal antibodies to either Th2 cytokines or 

their receptors have been developed, some of which are effective for treating patients with 

allergic disorders. For example, the human anti-IL-4Rα monoclonal antibody, dupilumab, 

is effective in treating patients with persistent asthma (217, 218) and is approved by the 

FDA for the treatment of adults with moderate to severe atopic dermatitis (219). Anti-IL-5 

(mepolizumab and reslizumab) and antiIL-5Rα (benralizumab) monoclonal antibodies are 

also approved by the FDA for the treatment of patients with severe asthma that is associated 

with an eosinophilic phenotype (220).

Fine-tuning by super-IL-2, IL-2–anti-IL-2 conjugates, and IL-2 partial agonists.: As 

noted above, cytokines signal by inducing dimerization (either homodimerization or 

heterodimerization) of the receptor, which results in activation of JAKs and other signaling 

pathways. In the case of IL-2, there are three receptor components, IL-2Rα, IL-2Rβ, 

and IL-2Rγ (IL-2Rγ is also known as the common cytokine receptor γ chain, γc). 

These three proteins in different combinations form three classes of IL-2 receptors: The 

low-affinity IL-2 receptors (Kd ∼ 10−8 M) consist solely of IL-2Rα, intermediate-affinity 

receptors (Kd ∼ 10−9 M) contain IL-2Rβ+γc, and high-affinity receptors (Kd ∼ 10−11 M) 

contain IL-2Rα+ IL-2Rβ+γc. Some resting lymphocytes—particularly NK cells and CD8+ 

T cells—constitutively express intermediate-affinity receptors, but after antigen-mediated 

activation, IL-2Rα is potently induced, resulting in high-affinity receptors; because IL-2Rα 
is expressed in excess of IL-2Rβ and γc, activated T cells express low-affinity receptors 

as well. Interestingly, Tregs constitutively express all three IL-2 receptor chains and 

thus also express high-affinity receptors. The functional receptors are the intermediate- 

and high-affinity receptors; these forms of receptors both contain IL-2Rβ and γc, and 

heterodimerization of their cytoplasmic domains results in signaling.

The formation of the high-affinity IL-2–IL-2 receptor quaternary complex is kinetically 

driven by the binding of IL-2. IL-2 first interacts with IL-2Rα, which has rapid on and off 

rates (221). This interaction results in a conformational change in IL-2, which then allows 

IL-2 to efficiently interact with IL-2Rβ, and γc is then recruited to the complex (222). An 

IL-2 superkine, also denoted as super-IL-2 or H9, was identified based on a high-throughput 

protein-engineering approach using yeast display in which a library of IL-2 mutants was 

conjugated to the A-agglutinin-binding subunit to allow stable and soluble expression of 

proteins on yeast (223).H9 has mutations in IL-2 that obviate the need for its interaction with 

IL-2Rα in order to achieve the conformation that allows efficient interaction with IL-2Rβ 
(223). As a result, H9 exhibits a 200-fold-higher binding affinity to IL-2Rβ in the absence 

of IL-2Rα than is observed with wild-type IL-2, with correspondingly greater effects at 

lower concentrations of protein. In part for this reason, H9 has lower toxicity, mediating 

diminished vascular leak syndrome and thus reduced pulmonary edema (223).

Besides its augmented binding and activity, the importance of H9 stems in part from its 

representing a backbone on which additional mutations can be made. Indeed, a range of 

such novel partial agonist molecules has been created. By exhibiting markedly enhanced 

binding (i.e., superbinding) to IL-2Rβ, such molecules can outcompete and effectively block 

the actions of endogenous IL-2 and confer to the system their own activities, serving in 

part as receptor signaling clamps (224) (Figure 4).Actions of H9-based partial agonists 
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can range from H9 super-IL-2 itself, which functions as a potent agonist, to molecules 

such as H9-RETR, which contains mutations in four amino acids, essentially abrogating its 

ability to interact with and recruit γc (224). As a result, no IL-2Rβ-γc heterodimerization 

occurs, and signaling is therefore defective. Indeed,H9-RETR is a potent inhibitor of IL-2, 

and because IL-2Rβ is also a key component of the IL-15 receptor, H9-RETR can block 

the actions of both IL-2 and IL-15, including for example their effects on increasing T 

cell proliferation and boosting NK cytolytic activity. Moreover, H9-RETR inhibits the 

development of graft-versus-host disease in an animal model as well as the spontaneous 

proliferation of malignant T cells from patients with the chronic-smoldering forms of HTLV-

I-induced adult T cell leukemia (224). Interestingly, however, there are molecules between 

super-IL-2 and H9-RETR that might function as immunomodulatory partial agonists. For 

example, it was observed that H9-RET, a molecule with three of the four mutations present 

in H9-RETR, had defective recruitment of γc; interestingly, like H9-RETR, H9-RET was 

incapable of driving the proliferation of freshly isolated CD8+ T cells, but in contrast to 

H9-RETR it could drive the proliferation of freshly isolated preactivated CD8+ T cells (224). 

In principle, it is possible to generate a range of molecules with varied abilities to recruit 

γc. Such molecules might include ones that affect some but not all IL-2-activated signaling 

pathways or that differentially affect different lineages of lymphocytes, potentially providing 

novel research molecules that might lead to new therapeutics. The basic concept of partial 

agonism is relatively new for type I cytokines but is a well-established principle in the 

context of drugs for targeting G protein–coupled receptors or channels (225). Whereas the 

H9 superagonist exhibits maximum activity at a lower concentration than is observed with 

wild-type IL-2, the partial agonists induce submaximal effects.

In a study related to IL-15,a molecule denoted BiG was generated by covalently linking 

mutant IL-15 Q108D with IL-15Rα (226) (Figure 4); BiG exhibits increased affinity for 

IL-2Rβ due to its slower off rate (211), but there is impaired recruitment of γc due to 

the Q108D mutation in IL-15 (227). Like H9-RETR, BiG efficiently inhibited the actions 

of IL-2 and IL-15 on primary CD8+ T and NK cells, in vitro and in vivo. Interestingly, 

however, BiG had no impact on IL2-induced Treg proliferation, possibly because it does 

not interfere with the binding of IL-2 to IL-2Rα, whereas H9-RETR potently inhibited 

the differentiation of Th1 cells, Th2 cells, and induced Tregs and additionally inhibited 

IL-2-induced STAT5 phosphorylation of induced Tregs (224).

The approaches outlined above for generating biologically interesting cytokine partial 

agonists can be applied to other cytokine systems as well. SCF binds to dimers of c-Kit (the 

receptor for SCF) to promote hematopoietic progenitor cell expansion; it also can expand 

and activate mast cells, resulting in anaphylaxis (228, 229). A two-step strategy was used 

to generate a SCF partial agonist that exhibits markedly increased binding affinity for c-Kit 

monomers but greatly decreased binding affinity for c-Kit dimers (230). This SCF partial 

agonist favors the expansion of hematopoietic progenitor cells over the activation of mast 

cells in in vitro and in vivo mouse models (230). Thus, rationally engineered cytokine partial 

agonists can be valuable tools for finetuning the actions of a pleiotropic cytokine and can 

favor beneficial over unwanted activities.
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Moreover, in a patient with severe anemia, a naturally occurring mutation in erythropoietin 

(EPO), EPO R150Q, exhibited diminished activation of JAK2 (231). Surprisingly, 

phosphorylation of STAT5 was only minimally affected, but phosphorylation of JAK2, 

STAT1, and STAT3 induced by EPO R150Q was impaired, an effect that was phenocopied 

when ruxolitinib was added or when a more specific JAK2 inhibitor was used (231). EPO 

R150Q provides an example of a naturally occurring cytokine partial agonist, where a single 

amino acid change in the cytokine sufficiently perturbs the efficiency of EPO-mediated 

homodimerization of its receptor, resulting in altered cytosolic JAK2 activity, with altered 

activation of STAT5 versus STAT1 and STAT3. Such observations underscore the concept 

that artificial molecules with a range of interesting activities can be generated.

Fine-tuning by using novel engineered cytokine-cytokine receptor systems.: As noted 

above, dimerization of receptors is critical for signaling by type I cytokines. For IL-2 

signaling, the importance of receptor heterodimerization was demonstrated by studies 

using chimeric receptors (232, 233). When the extracellular domains of IL-2Rβ and γc 

were replaced by the extracellular domain of IL-2Rα, signaling could be induced by 

an anti-IL-2Rα monoclonal antibody (particularly when cross-linked with a secondary 

antibody), and when the extracellular domain of γc was replaced by that of IL-2Rα but 

IL-2Rβ was left intact, signaling could be triggered by an engineered bispecific antibody 

with one Fab specific for IL-2Rα and the other for IL-2Rβ (232). Similarly, when the 

extracellular domains of both IL-2Rβ and γc were replaced by the extracellular domain 

of c-Kit, signaling could be induced by SCF, and when the extracellular domains of 

IL-2Rβ and γc were replaced by the extracellular domains of granulocyte-macrophage CSF 

receptor α chain (GM-CSFRα) and GM-CSFRβ, respectively, signaling could be induced 

by stimulation with GM-CSF (233). These results indicated that the cytoplasmic signaling 

machinery of IL-2Rβ and γc can be artificially activated to provide an “IL-2” signal even 

in the absence of IL-2 itself. Indeed, this underlying principle corresponds to the creation of 

a novel orthogonal system wherein the extracellular domain of IL-2Rβ was mutated based 

on the known structure (222) to create orthogonal IL-2Rβ (orthoIL-2Rβ) so that it could 

no longer bind native IL-2, and IL-2 was mutated and selected by phage display to create 

orthogonal IL-2 (orthoIL-2) that no longer bound native IL-2Rβ but could bind orthoIL-2Rβ 
(234). orthoIL-2 could then be used to selectively trigger cells into which the orthoIL-2Rβ 
had been inserted. In such fashion, cells of interest could be specifically targeted, with the 

idea of minimizing off-target effects of IL-2. Such an approach could lower toxicity, as only 

engineered cells can respond to orthoIL-2. Interestingly, more than one orthoIL-2 variant 

were created, with differential sensitivity of each variant to the presence of IL-2Rα (234). 

Importantly, when orthoIL-2 was used with orthoIL-2Rβ-transduced pmel-1 transgenic T 

cells, there indeed was effective antitumor activity against B16 melanoma in a mouse model 

(234).

CONCLUSIONS

A tremendous amount of knowledge about cytokine biology and cytokine signaling 

mechanisms has been learned from basic research employing cell culture–based research, 

from animal models, and from the phenotypes of patients with mutations in cytokines, 
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their receptors, or in signaling proteins. This information has in turn been used to advance 

clinical applications, with the development of new therapeutic advances for treating patients 

with immunodeficiency, allergy, autoimmunity, and cancer. Some of the mutations in genes 

affecting cytokines, their receptors, or signaling proteins can cause immunodeficiency or 

malignancies, underscoring the clinical importance of these molecules, and successful 

treatment with high-dose IL-2 of patients with metastatic melanoma has indicated that 

cytokine-based therapies can be clinically effective. This has led to the development 

of improved strategies to treat immunodeficiencies, allergy, autoimmunity, and cancer. 

Monoclonal antibodies and antagonists to cytokines and their receptors, as well as inhibitors 

of JAKs and STAT proteins, can be effective in inhibiting cytokine responses. Because 

of high homology among JAKs and among STAT proteins, finding specific inhibitors 

for these signaling molecules has been challenging. The recent exciting developments in 

identifying selective JAK3 inhibitors and generating various superagonists, partial agonists, 

and antagonists for IL-2 allow one to rationally fine-tune cytokine signals. Moreover, other 

protein-engineering approaches such as orthogonal cytokine-cytokine receptors might offer 

distinctive strategies for selectively expanding tumor-specific T cells. Finally, the rapid 

advances in CRISPR-Cas9 and other gene-editing approaches will likely allow advances in 

the goal to cure Mendelian diseases such as XSCID. These new strategies have considerable 

promise for fine-tuning cytokine signals, with better manipulation of the immune system in 

health and disease.
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Figure 1. 
Illustrative signaling pathways for cytokines that are members of different cytokine families. 

(a) γc family cytokines, (b) type I and type II interferons, and (c) IL-17 family cytokines 

bind to their receptors, activate (a,b) JAK/STAT or (c) ACT1/TRAF6/NF-κB signaling 

pathways, and initiate cytokine-specific gene expression programs. (a) Of γc family 

cytokines (IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21), only IL-2 and IL-15 are shown, 

and these primarily signal in cis (IL-2) or in trans (IL-15). IL-4, IL-7, IL-9, and IL-21 

are only known to signal in cis. In addition to JAK-STAT, MAPK and PI3K pathways 
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are activated. Both STAT5 dimers and STAT5 tetramers are activated by IL-2 and IL-15. 

(b) Type I interferons (IFN-α/β) activate ISGF3 (STAT1/STAT2/IRF9), whereas type II 

interferon (IFN-γ) activates STAT1 dimers and tetramers. (c) Signaling via either IL-17RA/

IL-17RC or IL-17RA/IL-17RB. The latter is used by IL-17E, which is also known as IL-25. 

Abbreviations: Co, co-activator (such as CBP or p300); TF, transcription factor; PI3K, 

phospho-inositol 3-kinase; Pol II, RNA polymerase II.

Lin and Leonard Page 31

Annu Rev Immunol. Author manuscript; available in PMC 2024 January 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Fine-tuning cytokine signals by STAT proteins or other cytokines. (a) Multiple STAT 

proteins activated by a cytokine can determine its overall effect based on the potency of 

activation of each STAT; this is illustrated by the relative strength of STAT3 versus STAT1 

activation by IL-21. (b) Different cytokines can either enhance (blue) or suppress (red) the 

actions of other cytokines. Abbreviations: Tfh, T follicular helper cell; Th1, T helper type 1 

cell.
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Figure 3. 
Fine-tuning cytokine signals by STAT dimers versus tetramers. (a) The essential functions of 

STAT1 and STAT5 are illustrated by the severe defects observed in mice in which the genes 

encoding STATs are deleted. (b) STAT tetramers serve critical functions, but the effect of 

preventing STAT tetramerization is less severe than the phenotype observed with complete 

deletion of the STAT proteins, indicating that STAT dimers alone can mediate certain core 

functions. Abbreviations: NK, natural killer; Treg, regulatory T cell.
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Figure 4. 
Rationally fine-tuning cytokine signals. Cytokine signals can be fine-tuned by changing a 

few amino acids of the cytokine to either promote better binding (superagonist) or diminish 

the binding (antagonist) of a receptor chain. Fine-tuning can also be achieved by the use of a 

ligand-receptor complex (e.g., BiG, which is an IL-15–IL-15Rαfusion protein) or antibodies 

to either cytokines or cytokine receptors. Orthogonal cytokine-cytokine receptor systems can 

be used to selectively expand a given set of cells. Abbreviations: RLI, receptor linker IL-15; 

TF, transcription factor.
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Table 1

Cytokine families

Type 1 cytokines (2, 5)
Type 2 cytokines (7–

10)
TNF (12, 

15) IL-1 (11)
IL-17 

(13, 14)γc βc gp130 IL-12 Others IFNs IL-10

IL-2 IL-3 IL-6 IL-12 Growth hormone IFN-α IL-10 TNF IL-1α IL-17A

IL-4 IL-5 IL-11 IL-23 Prolactin IFN-β IL-19 LTα3 IL-1β IL-17B

IL-7 GM-
CSF

IL-31 IL-27 Erythropoietin IFN-γ IL-20 LTα1β2 IL-1RA IL-17C

IL-9 Oncostatin M IL-35 Thrombopoietin IL-22 OX40L IL-18 IL-17D

IL-15 Leukemia 
inhibitory factor

M-CSF IL-24 CD40L IL-33 IL-17E 
(IL-25)

IL-21 Ciliary 
neurotrophic factor

SCF IL-26 RANKL IL-36α, β, 
γ

IL-17F

Cardiotropin-1 TSLP IL-28Aa TWEAK IL-36RA

NNT-1/BSF-3 IL-13 IL-28Ba APRIL IL-37

Leptin IL-29a BAFF IL-38

G-CSF LIGHTb

a
IL-28A, IL-28B, and IL-29 are also known as type III interferons or IFN-λs.

b
Homologous to lymphotoxin; exhibits inducible expression and competes with HSV glycoprotein D for binding to herpesvirus entry mediator; a 

receptor expressed on T lymphocytes.

Abbreviations: APRIL, a proliferation-inducing ligand; BAFF, B cell–activating factor; BSF-3, B cell–stimulating factor 3; CD40L, CD40 ligand; 
GM-CSF, granulocyte-macrophage colony-stimulating factor; G-CSF, granulocyte colony-stimulating factor; IL-1RA, IL-1 receptor antagonist; 
IL-36RA, IL-36 receptor antagonist; LTα1β2, lymphotoxin α1β2; LTα3, lymphotoxin α3; M-CSF, macrophage colony-stimulating factor; NNT-1, 
novel neurotrophin 1; SCF, stem cell factor; OX40L, OX40 ligand; RANKL, receptor activator of NF-κB; TNF, tumor necrosis factor; TSLP, 
thymic stromal lymphopoietin; TWEAK, TNF-related weak inducer of apoptosis.
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Table 2

Cytokines and the JAKs and STATs they activate

Cytokine family Cytokines (2, 5, 7–9) JAKs STAT proteinsa

IFNs IFN-α, IFN-β JAK1, TYK2 STAT1, STAT2

IFN-γ JAK1, JAK2 STAT1

gp130 IL-6, IL-11, OSM, LIF, CNTF, CT-1, NNT-1 JAK1, JAK2, TYK2 STAT3

γc IL-2, IL-7, IL-9, IL-15 JAK1, JAK3 STAT5A, STAT5B, STAT3, STAT1

IL-4 JAK1, JAK3 STAT6, STAT5A, STAT5B

IL-21 JAK1, JAK3 STAT3, STAT1, STAT5A, STAT5B

TSLP JAK1, JAK2 STAT5A, STAT5B

IL-13 JAK1, JAK2 STAT6

βc IL-3, IL-5, GM-CSF JAK2 STAT5A, STAT5B

Cytokines whose receptors are 
homodimers

GH, PRL, EPO, TPO JAK2 STAT5A, STAT5B

IL-10 IL-10 JAK1, TYK2 STAT3, STAT1, STAT5

IL-19, IL-20, IL-24 JAK1, JAK2 STAT3, STAT1

IL-22 JAK1, TYK2 STAT3, STAT1, STAT5

IL-26 JAK1, TYK2 STAT1, STAT3

IL-28A, IL-28B, IL-29 JAK1, TYK2 STAT1, STAT2, STAT3, STAT5

IL-12 IL-12 JAK2, TYK2 STAT4

IL-23 JAK2, TYK2 STAT3, STAT4

IL-27 JAK2, JAK1 STAT3, STAT1

IL-35 JAK2, JAK1 STAT4, STAT1

a
STAT proteins preferentially activated by a given cytokine are indicated in bold.

Abbreviations: CNTF, ciliary neurotrophic factor; CT-1, cardiotrophin 1; EPO, erythropoietin; GH, growth hormone; GM-CSF, granulocyte-
macrophage colony-stimulating factor; JAK, Janus family tyrosine kinases; LIF, leukemia inhibitory factor; NNT-1, novel neurotrophin 1; OSM, 
oncostatin M; PRL, prolactin; STAT, signal transducer and activator of transcription; TPO, thrombopoietin; TSLP, thymic stromal lymphopoietin.
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