
Interleukin-2 and Interleukin-15
Subjects: Pathology

Contributor: Ying Yang

The immune system is a complex network dedicated to protecting an organism against harmful substances, including the

eradication of invading pathogens or malignant cells, maintenance of specific memory lymphocytes and elimination of

autoreactive immune cells to yield self-tolerances. Homeostasis of immune systems relies on two main components—the

innate and adaptive immune responses, which are regulated by a series of cytokines that are released in response to

certain stimulus. One of the most extensively studied cytokines is the common cytokine receptor common gamma chain

(γc) family of cytokines, including interleukin-2 (IL-2), IL-4, IL-7, IL-9, IL-15 and IL-21, which is named based on the usage

of γc subunit for their receptors. This set of cytokines display broad pleiotropic actions to regulate both the innate and

adaptive immune system, collectively contributing to the development of various immune cell populations, modulating cell

differentiation, and either promoting the survival or inducing the apoptosis depending on the cellular context.
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1. Introduction

IL-2 is the first member of this family to be discovered with a vital role in T cell development and expansion; IL-15 was

later identified to share a number of biological activities with IL-2, which include stimulation of the proliferation and

activation of T cells and NK cells, induction of B cell immunoglobulin synthesis and supporting cytolytic effector cell

differentiation . These redundancies could be explained by the common receptor subunits contained by receptors for IL-

2 and IL-15, the shared β chain and γ chain, which trigger similar intracellular signaling pathways following binding with IL-

2 or IL-15 . Despite these similarities, IL-2 and IL-15 also display distinct functions in vivo, especially in adaptive immune

responses. For example, IL-2 is required for the development and persistence of regulatory T (Treg) cells, and it is

crucially involved in activation-induced cell death (AICD). By contrast, IL-15 is the major force for supporting natural killer

(NK) cells and memory CD8+ T cell persistence, while its precise role with regard to Treg cells is still controversial . It

does not mediate AICD, but instead inhabits AICD induced by IL-2 . In addition, recent studies have revealed the

different ability of IL-2 and IL-15 to facilitate the activation and persistence of T and NK cells against various immune

suppressive factors . Their private receptor component, IL-2Rα or IL-15Rα, might contribute to these distinctive

functions of IL-2 and IL-15, but further investigations are still required for better understanding of mechanism behind their

differences.

Immunotherapy has improved the treatment outcomes in patients with cancer, and continuous efforts are devoted to

exploiting the therapeutic potential of IL-2 and IL-15 based on their ability to expand and activate cytolytic lymphocytes in

vivo. The utility of IL-2 as an antitumor agent was approved by the FDA in patients with advanced melanoma and renal

cell carcinoma (RCC) decades ago [8]. Despite the encouraging clinical response rate, the accompanying severe side

effects and toxicity of IL-2 therapy remains a major limitation. IL-15 has emerged as an alternative to IL-2 in cancer

treatment, for its potent effects on cytolytic NK and T cells without inducing suppressive Treg cells. More recently,

increasing insights on the biology of IL-2 and IL-15 have allowed remarkable translation advances in modulation of the

pharmacokinetics of these cytokines to bypass limitations and boost efficacy. Meanwhile, there is a growing focus on

using cytokines in combination strategies for synergistic immune enhancement.

2. The Biologic Profiles of IL-2 and IL-15

IL-2 and IL-15 are type I four α-helical bundle cytokines, referred to as the common γ receptor family of cytokines. This set

of cytokines share the same receptor subunit γc and exhibit pleiotropic effects to modulate both innate and adaptive

immune responses.

IL-2 was the first cytokine of this family to be identified; it was initially discovered from the supernatants of activated

human T cells culture, which was a soluble factor that mediated T cell proliferation . IL-2 is also the first cytokine

approved by the FDA to be used in cancer treatment. While predominately secreted by CD4+ and CD8+ T cells following

[1]

[1]

[2]

[3]

[4][5][6]

[8]



stimulation with antigen , a lesser amount of IL-2 is also produced by activated dendritic cells (DCs) , mast cells

 and NKT cells . Taking the advantage of Immgen data, Crellin et al. showed that ILC2 and ILC3 also produce il2
mRNA . IL-2 conditionally deleted mice were recently generated, which can lead to better understanding of cellular

sources of IL-2 within different tissues under certain conditions . Transcription factors activated by the signals from T

cell receptor (TCR) and other costimulations, including NF-κB , NFAT family protein , OCT-1 , FOS and JUN ,

directly triggered the activation of the Il2 gene . As an autocrine/paracrine cytokine, the expression of IL-2 in T cells

highly depends on the transcriptional regulation and mRNA stabilization, as well as the cellular activation state .

IL-15 first reported by two independent groups as a T cell proliferation factor, IL-15 exhibited its capability to mimic the IL-

2-stimulated growth of T cells . Through the signals emanated from their shared receptor subunit, IL-2/15 Rβ and γc,

IL-15 also shares certain similar functions to IL-2, which include stimulation of the activated T cell proliferation, generation

of cytotoxic effector T cells and the activation and persistence of NK cells . They also facilitate the induction of

immunoglobulin synthesis by B cells  and the regulation of lymphoid homeostasis . However, unlike IL-2, IL-15

mRNA expression was detected in various tissues, both in hematopoietic and non-hematopoietic cells such as

keratinocytes, nerve cells, stromal cells and fibroblasts . Different from the widespread IL-15 mRNA expression,

mature IL-15 protein production is mainly limited to DCs and monocytes/macrophages . There are two isoforms of IL-15

mRNA with different signal peptides lengths, although those two isoforms yield same mature IL-15, they have distinct

effect on the intracellular trafficking and secretion of IL-15 . This indicates that IL-15 protein production is primarily

controlled by the post-transcriptional stage, mainly the translation and intracellular trafficking process .

3. Receptors for IL-2 and IL-15

Investigating the components of receptor complexes and their downstream signals is essential to understand the

biological effects of cytokines on the immune system. The receptors for IL-2 and IL-15 are both heterotrimeric, except for

the common usage of cytokine receptor subunit, γc (also known as IL-2Rγ or CD132); they also share the beta subunit,

referred to here as IL-2/15Rβ (also known as CD122) . The third and unique receptor subunit for IL-2 and IL-15 is IL-

2Rα and IL-15Rα, respectively (Figure 1). Most IL-2/15Rβ and γc are restrictively expressed by lymphohematopoietic

cells, including T cells, NK cells, monocytes and neutrophils . However, human fibroblasts were also reported to

express functional IL-2/15Rβ and IL-2Rα, but the implications of this expression still remain unclear . Ets1 family

proteins, as well as Egr and Sp1, bind to IL-2/15Rβ promoter and trigger the expression in T cell and NK cells . IL-

2/15Rβ expression can be further regulated by IL-2, IL-4, PMA and TCR stimulation in both transcriptional and post-

transcriptional phase . The expression of γc has been shown to be boosted by IFNγ and IL-2 in monocytes whilst

inhibited by TGF-β1 . A post-transcriptional mechanism that mediates the soluble extracellular γc domain production

and secretion in activated T cells has also been reported . Although ubiquitination and cytokine-induced internalization

evidently affect γc expression, little information is available concerning the cellular mechanisms controlling γc expression

.
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Figure 1. Interaction of interleukin-2 (IL-2) and IL-15 with their receptors and downstream signaling pathways. Receptors

for IL-2 and IL-15 share two mutual submits, the common cytokine receptor γ-chain (γc) and the β-chain IL-2/15Rβ.

Secreted IL-2 binds to its unique receptor submit IL-2Rα while membrane-associated IL-15 is trans-presented by

monocytes or dendritic cells to NK cells or CD8+ T cells through binding with IL-15Rα, and then forms the high-affinity

heterotrimeric receptor complex allowing the activation of downstream signaling. Both IL-2 and IL-15 mainly trigger the

phosphorylation of the Janus kinase (JAK)/signal transducer and activator of transcription (STAT) pathway, which could be

limited by CIS/SOCS as a negative feedback. The phosphorylated STAT dimers or tetramers then translocate into the

nucleus to regulate the transcription of target genes. Other pathways including RAS/Raf/MAPK and phosphoinositol 3-

kinase (PI3K)/AKT are also activated by the ligation of these cytokines, contributing to the complex physical impacts of IL-

2 and IL-15 on various immune cells.

The surface receptor complex for IL-2 signal consists of various combinations of the three IL-2R subunits. By stimulation

via TCR or cytokines including IL-2, IL-7, IL-12, IL-15, the cytokine-specific IL-2Rα (CD25) is transcriptionally induced on

T cells and NK cells, while is minimally detected on resting cells . IL-2Rα is also found to be expressed by myeloid

dendritic cells . The isolated IL-2Rα binds IL-2 with low affinity (K ~10  M) and serves only as a cytoplasmic anchor

without transducing intracellular signals . The combination of IL-2/15Rβ with γc forms intermediate-affinity

heterodimeric receptor (K ~10  M), while all three subsites together bind IL-2 with high affinity (K ~10  M) and

transduce intracellular signals . In addition to the cell surface expression, IL-2Rα was also detected in certain

diseases as in a soluble form (sIL-2R), including inflammatory disorders, transplantation rejection and most malignancy

diseases . The elevated level of sIL-2R ins serum is associated with disease progression and prognosis .

As the unique component of the IL-15 receptor complex, IL-15Rα is predominantly expressed on monocytes and dendritic

cells, independent of IL-2Rβ and γc . In contrast to IL-2Rα, IL-15Rα binds with IL-15 with high affinity by itself (K ~10

M) and potentially mediates certain intracellular signals . Unlike the other γc family cytokines which function as

soluble ligands binding to and acting on the receptor expressing cell in cis, IL-15 primarily signals in trans as a cell-

associated cytokine bounds to IL-15Rα expressing cells. The IL-15/IL-15Rα complex is then presented to IL-2/15Rβ and

γc on bystander activated T cells or NK cells to form high-affinity immunological synapse, with signals induced similar to

IL-2R . Although IL-2 can be trans-presented by some IL-2Rα expressing DCs , it mainly signals in cis.

4. Common Downstream Pathways of IL-2 and IL-15 Receptors

In light of the shared receptor subunits (IL-2/15 Rβγ), IL-2 and IL-15 trigger several similar downstream signaling

pathways including activation of common Janus kinase (JAKs)/signal transducer and activator of transcription (STATs),

with JAK1 interacting with IL-2/15 Rβ and JAK3 with γc (Figure 1). STAT proteins, primarily STAT5A and STAT5B, are

recruited to dock on IL-2/15 Rβγ, where they get phosphorylated, form dimers and translocate to the nucleus to bind with

target genes . Moreover, the N-terminal region of STAT5 can mediate oligomerization of dimers to allow the

formation of tetramers and binding to tandem motifs, which is critical for IL-2-induced early cytokine responses and IL-15-

induced NK cell maturation and survival . Beyond the activation of JAK/STAT signaling pathway, IL-2/15R complex

also mediate the stimulation of phosphoinositol 3-kinase (PI3K)/AKT pathway to promote cell survival and proliferation via

subsequent mTOR activation . Additionally, signaling through IL-2/IL-15R complex induces the expression of

antiapoptotic protein Bcl-2 and activation of the RAS-Raf-MAPK pathway which regulate the transcription factor

complexes containing FOS/JUN . Among all those signaling pathways, phosphor-proteomic analysis of activated T cells

suggested that 90% of IL-2-induced signaling is JAK kinase dependent . It has also been shown that IL-15Rα could

interact with TRAF2 to act on the transcription factor NF-κB , but further studies are still required to understand the

intracellular trafficking of IL-15Rα. Apart from positive signals, IL-2 and IL-15 also induce the expression of negative

regulators to prevent excessive responses. For example, the suppressors of cytokine signaling (SOCS) proteins (CIS,

SOCS1) inhibit the JAK enzymatic activity via directly binding to JAK1, JAK2 and TYK2, to form a negative feedback loop

limiting the cytokine signaling, thus SOCS protein has been considered as a novel checkpoint for NK cell immunotherapy

.

5. Physiological Functions of IL-2 and IL-15

The common γ receptor family of cytokines collectively act to modulate development, proliferation, differentiation and

survival of immune cells. Initially discovered as lymphocyte growth factor affecting the adaptive immune system, it has

become clear that these cytokines are also involved in the innate immune response. Both IL-2 and IL-15 are critical

regulators for innate lymphoid cells . For example, IL-2 promotes elimination of pathogens by neutrophils, and IL-15

mediates the differentiation CD8αα+ intraepithelial lymphocytes via T-bet . IL-2 and IL-15 mediate several similar

functions on immune modulation as a consequence of sharing common receptor components and the JAK/STAT signaling
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pathway. These functions include the ability to promote proliferation and activation of CD4+ and CD8+ T cells, induce the

differentiation of T helper cells and augment immunoglobin synthesis by activated B cells. Moreover, these two cytokines

also play a crucial role in the generation and persistence of NK cells, potentiating the cytolytic activity of NK cells and

CD8+T cells.

Despite these similarities, there are distinct differences between IL-2 and IL-15 with the actions on adaptive immune

response (Figure 1). Apart from acting as a T cell growth factor, IL-2 also has a role in eliminating self-relative T cell via

AICD , which is closely associated with the pathologic process of autoimmune diseases. In several systems, IL-15 has

proven to be an antiapoptotic factor with potential to inhibit IL-2-induced AICD in vivo . IL-2 usually favors the rapid

proliferation of short-lived effector cells, while L-15 has its own unique effects on supporting the maintenance of long-lived

memory phenotype CD8  T cells and NK cells . Although there have been a few reports showing that IL-15 is also

involved in the development of Foxp3+ Treg cells , IL-2 is still recognized as the dominant driver for Treg cell

development, homeostasis and fitness maintenance . The capacity of IL-2 to activate both cytotoxic effector cells

and Treg cells makes it a double-edged sword when utilized as an immunotherapeutic agent. To avoid this problem,

different doses of IL-2 could be used based on the distinct IL-2R expression pattern on those two cell types. Compared

with effector T cells, Treg cells express relatively higher levels of CD25, leading to a more frequent formation of high-

affinity receptors for IL-2. As a result, while a high dose of IL-2 is required to preferentially expand effector T cells, Treg

cells are able to respond rapidly to IL-2 at low concentrations (at single doses from 0.33 to 4.5 million IU) .

Additionally, the presence of IL-15 stimulates the production and recruitment of intestine intraepithelial γδ T cells; these

results have not been observed with IL-2 . Ex vivo cultured γδ T cells in the presence of IL-15 displayed prolonged

survival and improved effector functions, as compared with IL-2. The production of αβ T cells from progenitor cells can be

shifted to NK cells to a higher degree when encountering a high level of IL-15 . Phenotypic differences such as cell size

caused by IL-2 or IL-15 stimulation have less effect on signal transduction but more on the intensity and duration of the

receptor signal .

Different transgenic mouse models have been used to confirm ex vivo functional observations of IL-2 and IL-15. IL-2 Rα

deficient mice were more prone to develop autoimmune diseases, such as inflammatory bowel disease . Massive

enlargement of peripheral lymphoid organs associated with no selective T cell and B cell expansion was observed in IL-2

and IL-2 Rα deficient mice, due to the impairment of AICD and inhibited Treg cell development . However, in mice

with IL-15 or IL-15 Rα deficiency, no increased incidence of lymphoid enlargement or autoimmune disease was observed.

Instead, they had remarkable reductions in NK cell, NKT cell and CD8+ memory T cell numbers in both periphery and

thymus . In the absence of NK cells and CD8+ memory T cells, IL-15-/- mice were more susceptible to various

pathogens due to the compromised defense response. These selective lymphoid deficiencies could be reversed upon

exogenous IL-15 provision, which further supports the critical biological role of this cytokine . Trans-presentation of IL-

15 mediated by IL-15Rα on antigen-presenting cells, such as DCs, is required for the generation and survival of NK cells,

as well as for the longevity and avidity of antigen-specific CD8+T cells .

6. Immunomodulation of T and NK Cells in the Tumor Microenvironment

The development of tumors is often accompanied with an immunosuppressive microenvironment, hampering effector

functions of cytotoxic lymphocytes, mostly CD8+ T cells and NK cells, to escape from immunosurveillance and promote

progression. Overcoming the immunosuppression with sustained cytolytic activity of T and NK cells is required for efficient

eradication of tumor cells. Recent studies have demonstrated different capacities of IL-2 and IL-15 in altering the

susceptibility of T and NK cells to diverse immune suppressions. Discerning the roles of IL-2 and IL-15 in the regulation of

antitumor immune responses is critical for the development of immunotherapeutic approaches against cancer.

CD8+T cells: Although IL-2 and IL-15 share many identical functions in the regulation of T cell as mentioned above, the

distinct actions of these two cytokines on CD8+ T cells have been increasingly revealed. For instance, IL-15 is more

efficient than IL-2 in cooperating with IL-21 to boost the expansion and effector function of splenic CD8+T cells, while for

antigen-stimulated CD8+ T cells, IL-2 shows more potency in promoting protein synthesis than IL-15 . The pivotal

roles of IL-2 and IL-15 in activating CD8+T cells lead to the wide usage of these two cytokines in cancer immunotherapy.

The in vivo persistence and activation of adoptively transferred T cells is usually maintained by IL-2 infusion, but with IL-15

as exogenous supplement or as transgene expressed, preclinical mouse studies demonstrated an enhanced antitumor

capacity of CD8+T cells compared with IL-2 . Recent studies have shown that IL-2 and IL-15 both triggered CD8+ T

cell exhaustion by similarly inducing the expression of inhibitory receptor in vivo, particularly 2B4 and TIM-3, and selective

abrogation of their common IL-2Rβchain could retain the inhibitory receptor induction . In breast cancer, IL-15 provoked

higher proliferation and IFNγ production of tumor-infiltrating CD8+ T cells than IL-2, and these strong but short-lived

response could be diminished by the subsequently upregulated TIM-3 .
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NK cells: The NK cell is a fundamental member of innate lymphocytes that mediates rapid and vigorous immunity against

tumor cells. In adoptive NK cell therapy, both IL-2 and IL-15 can be used for the expansion and activation of NK cells in

vitro before transfer. Although IL-2 is the most widely used in the clinic, IL-15 stimulation is reported to enable NK cells

showing superior cytolytic performances and induce a memory-like NK cell population. In addition, IL-15 priming

significantly ameliorated the antitumor response of CD56 bright NK cell subset . Several studies have revealed the

close association between IL-15 and the metabolic checkpoint kinase mTOR. Compared to IL-2, IL-15 augments stronger

mTOR signaling, which is essential for the development and effector function of NK cells . Meanwhile, continuous IL-

15 exposure to NK cells could result in arrested cell cycle, diminished viability, reduced tumor cytolytic activity and

metabolic deficiency, and this exhaustion status could be reversed by mTOR inhibitor . TIM-3 could be induced on NK

cells following the stimulation of IL-15 as well, which marks the maturation and cytotoxicity suppression status of NK cells

.

In the context of supporting immune cell persistence in the immunosuppressive tumor microenvironment (TME), IL-2 and

IL-15 have different potency in terms of regulating signaling pathway and protein synthesis. When encountered with

abundant reactive oxidative species (ROS) in solid tumors, studies have shown that IL-15 stimulation upregulated the

thioredoxin system in NK cells and T cells to confer increased tolerance towards oxidative stress . As a complement,

we found that IL-15 enhanced mTOR activity leading to higher levels of surface thiols on NK cells to neutralize

extracellular ROS, compared with IL-2 . Meanwhile, it has been reported that TGFβ could inhibit the activation and

function of NK cells through curbing the IL-15-induced mTOR pathway . These data indicate that IL-15 could be used

as a promising antitumor agent to overcome immunosuppression in the TME.

7. Potential Mechanisms for the Distinction of IL-2 and IL-15

As the distinctive roles of IL-2 and IL-15 have been identified, it is vital to understand the potential mechanism underlying

these contrasting functions. One factor is that these two cytokines are synthesized and secreted by different cells and

tissues, which are regulated by distinct modes. Another reason could be the distinct ways these two cytokines interact

with their receptors. As mentioned above, receptors for IL-2 and IL-15 comprise two subunits in common and mediate

similar pathways including JAK/STAT, but they both have their private components, IL-2Rα and IL-15Rα, respectively. This

means that the diverse physiological distribution of these two α-chains could also contribute to the biological differences of

IL-2 and IL-15 in vivo. Moreover, a recent study has suggested that exposure to IL-15 causes the reduction in expression

of IL-15Rα . Apart from the similar signaling pathways, there are still several distinct downstream pathways through the

receptor that have been detected. For example, T cell proliferation induced by IL-15 largely depends on FKBP12-

mediated activation of p70S6 kinase, but FKBP12 is not indispensable for IL-2-induced proliferation . Instead, the

response of T cells to IL-2 requires another protein FKBP12.6, which is not involved in the response to IL-15 .

Additionally, as mentioned above, IL-15 triggers elevated mTOR signaling in NK cells compared with IL-2. To date, the

molecular basis underlying the differences between IL-2 and IL-15 intracellular signaling has been poorly described; these

preliminary findings require further investigations for optimizing clinical implications of IL-2 and IL-15.
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