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Abstract

Low-dose IL-2 administration suppresses unwanted immune responses in mice and humans, thus 

evidencing the potential of IL-2 to treat autoimmune disorders. Increased Tregs activity is one of 

the potential mechanisms by which low-dose IL-2 immunotherapy induces immunosuppression. In 

addition, recent data indicate that IL-2 may contribute to prevent unwanted self-reactive responses 

by preventing the developing of T-follicular helper cells, a CD4+ T-cell subset that expands in 

autoimmune disease patients and promotes long-term effector B-cell responses. Here we discuss 

the mechanisms underlying the clinical benefits of low-dose IL-2 administration, focusing on the 

role of this cytokine in promoting Treg-mediated suppression and preventing self-reactive T-

follicular helper cell responses.

Keywords

autoimmune disease; germinal center B cells; IL-2; immunotherapy; T follicular helper cells; 
Tregs

When first discovered in 1976, IL-2 was characterized as a soluble factor with the unique 

ability to promote clonal expansion of T cells in vitro [1]. Follow-up studies confirmed this 

property [2] and further demonstrated the capacity of IL-2 to augment NK [3] cell activity 

and to promote tumor regression following in vivo administration [4]. Based on these 

studies, the US FDA granted the use of high-dose bolus IL-2 regimens for the treatment of 

metastatic renal cancer in 1992, and for the treatment of metastatic melanoma in 1998. 

Although less successfully, IL-2 has been evaluated to boost T-cell responses in patients 

with chronic viral infections, such as HIV [5], to increase anti-tumor responses following 

vaccination with tumor antigens [6] and to enhance the efficacy of antitumor adoptive T-cell 
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transfer therapies [7,8]. Nevertheless, despite it being demonstrated that high doses of 

intravenous IL-2 induces tumor regression in a small fraction of patients with metastatic 

melanoma and metastatic renal cell carcinoma, the clinical benefits of high-dose IL-2-based 

immunotherapies were lower than initially expected [4].

The identification of regulatory T cells (Tregs) in 1995 [9] contributed to a better 

understanding of the biological effects of IL-2, and provided a plausible explanation for the 

low efficacy of the majority of IL-2-based therapies. Given that Tregs have the capacity to 

suppress T- and B-cell responses [10], and that IL-2 is required for their development and 

function [10], the expansion of suppressor Tregs following IL-2 administration has been 

suggested to be the primary cause for the limited effectiveness of IL-2 therapies. Notably, in 

addition to suppress immune responses by promoting Treg-mediated immunosuppression, 

IL-2 also prevents effector immune responses by multiple Treg-independent mechanisms. 

For example, although IL-2 signaling during the primary response to pathogens is required 

for the differentiation of functional memory cells [11], excessive IL-2 signaling in T cells 

promotes terminal differentiation [12,13], precludes memory formation [12,13] and 

enhances the susceptibility of T cells to activation-induced cell death [14]. Similarly, 

although required for Th1 and Th2 differentiation [15], IL-2 signaling inhibits the 

development of Th17 cells [16] and prevents T-follicular helper (Tfh) cell differentiation 

[17–21], a CD4+ T-cell subset required for the generation of protective B-cell responses to 

pathogens [22]. Thus, IL-2/IL-2 receptor interactions can both promote and suppress 

immune responses depending on the dose and type of target cell activated by IL-2, 

highlighting the complexity of the pleiotropic nature of this cytokine (Figure 1). More 

Importantly and contrary to what was initially predicted, self-reactive T and B cells undergo 

uncontrolled expansion in IL-2- and IL-2 receptor-deficient mice, which develop a severe 

autoimmune syndrome [23–25]. Similarly, autoimmune disease development is linked to 

IL-2 deficiencies in humans [26–28], most likely due to the expansion of immature 

nonfunctional Tregs in the absence of IL-2 signals [29,30]. The close association between 

IL-2 deficiency and autoimmune disorders supports the important role of IL-2 in 

suppressing unwanted immune responses and maintaining immune tolerance.

Recent studies show that low-dose IL-2 regimens can be safely administered to patients [31–

34] and have potent immunosuppressive effects [31,32,35], thus evidencing the potential of 

low-dose IL-2-based immunotherapies to treat autoimmune disorders. Here, we review our 

current knowledge about low-dose IL-2-based immunotherapies, and discuss the potential 

mechanisms underlying the clinical benefits of these treatments, focusing on the potential 

role of IL-2-based immunotherapies in Treg and Tfh cells.

IL-2 receptor & IL-2 signaling

IL-2 is a 15.5 kDa four-bundle, α-helical protein member of the common cytokine receptor 

γ-chain family of cytokines, which includes the immunoregulatory cytokines IL-4, IL-7, 

IL-9, IL-15 and IL-21 [36]. Antigen (Ag)-experienced activated T cells, particularly effector 

CD4+ T cells (Teff), are considered the principal source of IL-2 in vivo, although other 

immune cells, such as dendritic cells (DCs) [37] and B cells [38], also produce significantly 

large amounts of IL-2 following activation. IL-2 signaling is transmitted into the cell 
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through distinct membrane-bound heterotrimeric and heterodimeric IL-2 receptor (IL-2R) 

complexes, consisting of the non-covalent association of the cell surface receptors IL-2Rα 

(CD25), IL-2Rβ (CD122), also part of the IL-15R; and the common γ chain (CD132) 

[39,40], shared by the members of the common receptor γ-chain cytokine family. The 

heterodimeric association of the IL-2Rβ chain and the common γ chain forms the 

intermediate-affinity IL-2R (binding affinity Kd ≈ 1 nM), present in resting T cells, memory 

CD8+ T cells and NK cells [36]. By contrast, the IL-2Rαβγ hetero trimeric complex, also 

known as the high-affinity IL-2R receptor (Kd ≈ 10 pm), is transiently expressed by 

activated immune cells, including T and B lymphocytes, NK cells, and DCs even though it 

is constitutively expressed on FoxP3-expressing CD4+ Tregs [9].

Although IL-2Rα alone is not directly involved in signal transduction due to its short 

cytoplasmic domain, the binding of IL-2 to IL-2Rα facilitates IL-2/IL-2Rβ interactions and 

subsequent IL-2Rαβγc complex assembly [39,40]. In this regard, the formation of the IL-2/

L-2Rα binary complex induces a conformational change in the IL-2 helix C that relocates 

IL-2 residue Asn88 into hydrogen bonding distance with IL-2Rβ residue Arg42, stabilizing a 

complementary binding site for presentation of IL-2 to IL-2Rβ [39]. This conformational 

change enables IL-2/ IL-2Rβ interactions, the formation of an IL-2Rα-IL-2Rβ-IL-2 ternary 

complex, and the subsequent recruitment of the γ chain to form the IL-2Rαβγc 

heterotrimeric complex. Following IL-2 binding, the JAK1 and the JAK3 phosphorylate 

tyrosine residues within the cytoplasmic domain of the β and γ chains, creating docking sites 

for the recruitment of the transcription factor Stat5 (Stat5a and Stat5b) and the adaptor Shc 

into the cytoplasmic tails of the β and γ chains (reviewed in [36,41]). Stat5 phosphorylation 

by the JAKs facilitates the dissociation of the Stat5 protein from their docking sites and 

induces the formation of heterodimeric Stat5a/b complexes that translocate into the nucleus 

and regulate a broad range of target genes by binding to target DNA sequences. On the other 

hand, phosphorylation of the adaptor Shc leads to the activation of the Ras–Raf MAP kinase 

and PI-3K pathways in response to IL-2 [42]. Together, Stat5a/b, Ras-Raf MAP kinase and 

PI-3K signaling pathways allow rapid delivery of IL-2 signals from the membrane to the 

nucleus and control, in a direct and indirect manner, the expression and function of multiple 

master regulator transcription factors implicated in several differentiation and 

immunoregulatory pathways. For example, IL-2 signaling induces the expression of the 

FoxP3 [10] transcription factor, required for Treg development, and the expression of the 

transcription factors T-bet [15,18] and GATA-3 [15], which are necessary for Th1 and Th2 

differentiation. On the contrary, sustained IL-2 signaling prevents the expression of RORγ 

[16] and Bcl6 [17–20,43], which are required for Th17 and Tfh cell development, 

respectively.

Although it is generally considered that IL-2 acts as a soluble factor that typically engages 

membrane-bound CD25, alternative IL-2/IL-2R interactions have been described. For 

example, DCs can upregulate CD25 in response to certain stimuli [44] and may use their 

CD25 to capture IL-2 and present it in trans to CD4+ T cells expressing intermediate-

affinity IL-2Rβγ complexes [45]. This model is consistent with data showing that T cells 

[46,47] and DCs [45,48,49] directionally secrete IL-2 towards the T cell-DC interface. In 

this scenario, local concentration of IL-2 at the particular microenvironment of the DC-T 
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cell contact may facilitate CD25/IL-2 binding by DCs and transpresentation to CD4+ T cells, 

despite the rapid on/off dissociation rates and the low affinity of CD25 for IL-2. In 

agreement with this model, selective blockade of CD25 on DCs by daclizumab, a humanized 

anti-CD25 monoclonal antibody, prevents T cell expansion by activated DCs [45]. Recent 

studies have also demonstrated the immunoregulatory properties of a soluble form of CD25 

(sCD25) that has been detected in the serum of patients with systemic lupus erythematosus 

(SLE) [50–53], multiple sclerosis (MS) [54,55] and type I diabetes (T1D) [54]. Although the 

exact role played by sCD25 is still unclear, recent work suggests that sCD25 prevents IL-2 

signaling by competing with membrane-bound CD25 for circulating IL-2, and exacerbates 

experimental autoimmune encephalitis (EAE) by allowing aberrant Th17 responses [56].

IL-2 & Treg homeostasis

Two different populations of Tregs are defined based on their anatomical origin, thymus-

derived Tregs (tTregs) and peripherally derived Tregs (pTregs) [10,57,58]. tTregs arise from 

the thymus, whereas pTregs are generated in the periphery from conventional naive CD4+ T 

cells. Both populations cooperate to enforce tolerance by several direct and indirect 

mechanisms of suppression, including inhibition of the stimulatory capacity of antigen-

presenting cells, secretion of immunosuppressive cytokines, and competition with activated 

T cells for available IL-2 [10]. The important role played by tTregs and pTregs in 

maintaining immune tolerance is evidenced by the uncontrolled expansion of autoreactive T 

and B cells and the development of catastrophic autoimmune syndromes observed in 

humans [59,60] and mice [61,62] that carry genetic deficiencies in the FoxP3 gene, the 

signature transcription factor required for the development of Tregs [10].

Numerous studies over the last years have demonstrated that IL-2 plays a critical role in 

immune tolerance by enforcing FoxP3 expression. At the earliest stage of the development, 

IL-2 engagement in the thymus promotes expression of Foxp3 in developing CD4+ T cells, 

contributing to the development of mature and functional tTregs [29,63,64]. In the 

periphery, further IL-2/IL-2R interactions are required to maintain the competitive fitness of 

the tTreg pool [65–67]. In a similar way, IL-2 signaling in conjunction with TGF-β is 

required to convert naive CD4+ T cells to pTregs [68,69]. The principal mechanism by 

which IL-2 contributes to tTreg and pTreg development and function is by inducing Stat5 

activation, which in turn facilitates FoxP3 expression [64,70,71]. Interestingly, some Foxp3-

expressing cells are still detected in IL-2- and IL-2rα-deficient mice despite the lack of IL-2 

signaling [65,66], most likely due to the redundant capacity of IL-7 and IL-15 to activate 

Stat5 and partially compensate for the absence of IL-2/IL-2R interactions [72,73]. However, 

these cells express lower levels of Foxp3 and other key Treg functional molecules, including 

CTLA-4, and demonstrate poor competitive fitness and function when compared with Tregs 

developing in wild-type animals [29,65,66]. This supports an essential and non-redundant 

role for IL-2 in promoting Treg homeostasis and function. In agreement with this, IL-2- and 

IL-2R-deficient mice develop severe autoimmune disease associated with uncontrolled 

expansion of autoreactive effector T and B cells [26–28]. However, adoptive transfer of 

Tregs from wild-type, but not Cd25−/− mice, restores immune tolerance and prevents 

autoimmune pathology [63,74]. Importantly, single nucleotide polymorphisms (SNPs) 

[55,75–81] and genetic deficiency in the α chain of the IL-2R genes [26–28] are linked to 
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autoimmune disease development in humans. Furthermore, impaired IL-2 production by T 

cells is observed in SLE [82], T1D [75,83] and RA patients [84]. Given the essential role for 

IL-2 in Treg homeostasis, auto immune disease development in these patients has been 

suggested to be a consequence of Treg malfunction due to impaired IL-2 signaling [75].

In agreement with the capacity of Treg to suppress self-reactive T and B-cell responses, 

adoptive transfer of Tregs prevents autoimmune disease development in several 

experimental models [85]. Hence, the targeting of Tregs numbers and/or function in vivo 

may be a good strategy for treating autoimmune diseases. The generation of functional 

Tregs for adoptive transfer, however, requires laborious and expensive laboratory 

procedures, which compromises the clinical feasibility of this approach. Furthermore, since 

FoxP3 expression is intracellular, purification of viable Tregs for adoptive transfer without 

Teff contamination is virtually impossible. Studies performed in the past few years indicate 

that the administration of low doses of recombinant IL-2 (rIL2) selectively targets Treg 

expansion [32,86,87] and has therapeutic benefits in the treatment of several forms of 

autoimmune disease [31,88,89] and graft rejection after transplantation [32,87]. Thus, low-

dose IL-2-based immunotherapies may represent a good alternative to Treg-adoptive 

transfer approaches in order to boost Treg-mediated immunosuppression in vivo and to treat 

autoimmune disease.

Low-dose IL-2 therapy to treat autoimmune disease

The potential clinical benefits of low-dose rIL-2 immunotherapy have been recently 

evaluated in pre-clinical studies using non-obese diabetic (NOD) mice [86,90–92]. NOD 

mice spontaneously develop Type I (T1D) diabetes due to progressive immune-mediated 

destruction of insulin-producing β cells in the pancreatic islets of Langerhans [93]. Disease 

progression in this animal model is closely associated with reduced production of IL-2 

[75,83,93], a defect mapped to the congenic T1D locus Idd3 on chromosome 3 [75], which 

correlates with defective Treg survival in the pancreatic islets [93]. Based on these data, it is 

generally believed that impaired intra-islet Treg homeostasis due to IL-2 shortage 

contributes to tolerance breakdown, self- reactive Teff cell expansion, and development of 

diabetes in NOD mice [93]. In support of this view, adoptive transfer of functional Tregs 

into NOD mice restores immune tolerance and prevents the development of diabetes 

[90,91]. SNPs in the Il-2 and Il-2rα receptor genes are also linked to T1D in humans 

[54,80,83], suggesting an important role for IL-2 in determining diabetes susceptibility in 

humans. Importantly, T1D-associated polymorphisms in Il-2rα gene correlate with altered 

CD25 expression, IL-2 hyporesponsiveness and diminished suppressor activity by Tregs 

[94,95].

Given the apparent causative relationship between local IL-2 deprivation, unbalance 

Teff:Treg responses and diabetes onset in NOD mice, this experimental model provides a 

valuable tool to evaluate the potential of IL-2-based immunotherapy to promote Treg 

suppression in vivo and to study its role in preventing disease progression. An elegant study 

by Qizhi Tang and colleagues [93] demonstrated that the administration of low doses of 

human rIL2 (25,000 IU) three times per week prevented the onset of diabetes in young 

prediabetic-female NOD mice. In this work, low-dose IL-2 immunotherapy significantly 
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increased intra-islet Treg survival without significant effects in NK or Teff cells. In another 

study, low-dose IL-2 treatment starting at the time of T1D onset induced long-lasting 

diabetes remission, suggesting that IL-2 immunotherapy has the potential, not only to 

prevent, but also to reverse established disease [86]. The potential benefits of IL-2-based 

immunotherapy have also been demonstrated using the (NZBxNZW)F1 murine model of 

lupus [89]. Similarly to what was observed in the context of diabetes, T cells from lupus-

prone mice [89,96] and human SLE patients [75,82,97,98] had impaired IL-2 production, 

suggesting a cause and effect relationship between IL-2 shortage and autoimmune disease 

progression that might be corrected by exogenous IL-2 administration.

While low-dose rIL-2 administration selectively targets pancreatic Tregs and prevents 

diabetes development, treatment with high doses of rIL-2 (250,000–500,000 IU) enhances 

pathogenic effector responses and precipitates the onset of T1D in pre-diabetic NOD mice 

[35,93,99]. The opposite effects of high and low doses of IL-2 illustrate the differential 

effects of IL-2 dosage in regulating the Treg:Teff balance. The current consensus is that 

treatment with relatively low levels of IL-2 selectively targets Treg expansion and 

subsequently prevents Teff responses, while treatment with high doses of IL-2 promotes 

effector T cell differentiation that may contribute to an accelerated tolerance breakdown 

[93]. The selective effect of low-dose IL-2 regimens in targeting Tregs may be explained by 

the fact that low IL-2R signaling is sufficient to support Treg development, while it is not 

sufficient to support Teff responses [100]. Moreover, Tregs constitutively express CD25 and 

may compete more efficiently with Teff cells for IL-2 when the physiological availability of 

this cytokine is limited [21,101].

In addition to promoting unwanted Teff responses, high-dose IL-2 administration also 

induces vascular leak syndrome [4], a life-threatening condition that results in a 

hypovolemic state and fluid accumulation in the extravascular space. Although some studies 

indicate that low-dose IL-2 regimens can be safely administered to patients [31–34,102], it 

may be difficult to deduce the appropriate dose of IL-2 for a heterogeneous populations of 

patients. Therefore, the multi-factorial potential toxicity of IL-2 could compromise the 

applicability of IL-2-based immunotherapies for the treatment of autoimmune disease, 

especially if administered for an extended period of time. Notably, when IL-2 is infused in 

complex with the anti-IL-2 monoclonal antibody JES6–1, the IL-2/JES6-1 complex 

selectively targets CD25-expressing cells and expands Tregs more efficiently than IL-2 

administration alone [103]. This data suggest that the IL-2/anti-IL-2 complex may provide a 

valuable tool to improve IL-2-based immunotherapies, primarily by inducing similar 

biological effects to IL-2 monotherapy, but at lower concentration, which would potentially 

prevent unwanted IL-2-related side-effects. The benefits of IL-2/JES6-1 complex-

administration have been demonstrated in several preclinical models. In this regard, several 

studies demonstrate that administration of low doses of IL-2/JES6-1 complexes prevents 

T1D development in NOD mice [86,92,93]. Interestingly, in the study from Diaz-de-Durana 

and colleagues [92], IL-2/ JES6-1 treatment correlated with increased in vivo β cell 

proliferation, suggesting a potential effect of IL-2 immunotherapy in β-cell regeneration 

[92]. However, the underlying mechanism behind this observation is unclear and further 

work needs to be done in order to better understand the potential role of IL-2/ JES6-1 

Ballesteros-Tato Page 6

Immunotherapy. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



complexes in β-cell regeneration. In another set of studies, IL-2/anti-IL-2 complex treatment 

suppresses collagen-induced arthritis [104], induces long-term acceptance of isles allografts 

[105], and suppresses experimental myasthenia in mice [106], further supporting the 

potential of the IL-2/JES6-1 complex in the treatment of autoimmune disorders. 

Interestingly, pretreatment of mice for 3 days with the IL-2/anti-IL-2 complexes expands 

Tregs and induces resistance to EAE, a model for multiple sclerosis [105]. However, when 

the IL-2/JES6-1 complex was administered to mice after EAE onset, no clinical benefit was 

observed, perhaps due to the concomitant expansion of preexisting CD25-expressing Teff 

following IL-2/JES6-1 complex injection [105].

In addition to a IL-2/IL-2R complex therapy, some groups have explored the potential 

benefits of combining IL-2 with rapamycin administration to more selectively target IL-2 to 

Tregs [35,105,107]. Rapamycin is an inhibitor of the PI3K/AKT/mTOR pathway that has 

the ability to prevent IL-2-dependent expansion of Teff without affecting Treg function 

[108]. This differential effect is due to the fact that Tregs express high levels of the PTEN 

and, unlike effector CD4+ and CD8+ T cells, do not activate the downstream targets of the 

PI3K pathway in response to IL-2 [108]. Although combinational therapies have shown 

positive synergistic effects in some experimental models [105,107], further studies are 

needed to elucidate the overall clinical benefits and to explain the detrimental effects 

observed in other studies [35,109].

Low-dose immunotherapy in humans

Two recent studies have evaluated the potential clinical benefits of low-dose rIL-2-based 

immunotherapy to treat patients with immune mediated disorders [31,87]. In one study, 

David Saadoun and colleagues [31] evaluated the effect of low-dose IL-2 administration in 

ten patients with hepatitis C virus-induced vasculitis (HCV). Patients who failed to respond 

to either antiviral therapy, Rituximab or both, received 1.5 million International Units (IU) 

of rIL2 per day for 5 days, followed by an additional 3 million IU per day at weeks 3, 6 and 

9. Following 9 weeks of treatment, rIL-2 induced a significant increase in Tregs in all 

patients, and improved vasculitis in 8 out of 10 patients. In this study, low-dose IL2 

immunotherapy did not induce significant adverse effects. In a study by Koreth et al. [87], a 

cohort of 29 patients with chronic graft-versus-host disease (GVHD) refractory to 

glucocorticoid therapy received rIL-2 at three dose levels (300,000, 1 million and 3 million 

IU) daily for a period of eight weeks. The numbers of Tregs increased in all patients, and 

approximately 50% of patients evaluated demonstrated an objective partial response. While 

IL-2 was tolerated at the lower doses, the highest dose of 3 million IU induced serious 

adverse effects. Furthermore, a more recent study showed that an ultra-low dose of IL-2 was 

well tolerated and may be associated with a lower incidence of GVHD after allogeneic 

hematopoietic stem cell transplantation in pediatric patients [34].

As aforementioned, preclinical studies using NOD mice demonstrated the potential of low-

dose IL-2-based immunotherapy in T1D. Importantly, a recent clinical study indicates that 

low doses of rIL-2 can administrated to adults with established T1D with no serious side 

adverse effects [33]. Although the clinical benefits of IL-2 treatment have not been 
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extensively characterized in this work, this study lays the basis for future clinical trials to 

study the effect of IL-2 immunotherapy in T1D patients.

The current consensus is that treatment with low-doses of IL-2 reestablishes immune 

tolerance by promoting Treg expansion. Interestingly, the therapeutic effect of IL-2 does not 

absolutely correlate with Treg expansion. In fact, IL-2 treatment of NOD mice starting at the 

time of T1D onset prevents disease progression and induces long-lasting diabetes remission 

without significantly altering the frequency of pancreatic Tregs [86]. Similarly, although 

treatment of HCV vasculitis and GVDH patients with low doses of IL-2 induced Tregs 

expansion in all subjects, not all patients showed clinical benefits after IL-2 administration 

[31,87]. Moreover, relative changes in the frequency of Tregs observed in the individual 

HCV vasculitis patients did not necessarily correlate with the relative reduction in 

cryoglobulinemia [31]. Thus, although it is clear that IL-2 boosts Treg-mediated 

immunosuppression in vivo, other additional Treg-independent mechanisms might also 

contribute in suppressing unwanted immune responses following IL-2 treatment.

IL-2-based immunotherapies to prevent self-reactive Tfh cell responses

While IL-2 signaling promotes Treg expansion and function, the same signaling pathway 

prevents the development of Tfh cells [17–20], a differentiated CD4+ T cell subset that plays 

a central role in the development and maintenance of the germinal center (GC) B cells 

[22,110]. Tfh cells are typically identified by the expression of the signature transcription 

factor Bcl6, the chemokine receptor CXCR5, and the inhibitory receptor PD-1 [22]. Bcl6 

represses the expression of other lineage-specific transcription factors, particularly Blimp-1, 

and promotes the expression of genes implicated in Tfh cell development and function [22]. 

In fact, CD4+ T cells fail to differentiate into Tfh cells in the absence of Bcl6 and, as a 

consequence, GCs and long-term antibody responses are impaired in mice in which T cells 

fail to express Bcl6 [111–113]. On the other hand, expression of CXCR5 instructs homing 

of recently activated Tfh cells into the B cell follicles. Once in the B cell follicles, Tfh cells 

interact with activated B cells and provide them with unique survival and differentiation 

signals required for the generation and maintenance of GC B cells, including CD40 ligand 

[114,115] and IL-21 [116–118]. In the highly selective environment of the GC, activated B 

cells interacting with Tfh cells and follicular dendritic cells undergo extensive clonal 

expansion, somatic hyper-mutation and affinity maturation, and differentiate into memory B 

cells and long-lived plasma cells [119]. In the absence of Tfh cells, GCs do not form, 

memory B cells and long-lived PC are not generated, and long-term antibody responses are 

impaired. This highlights the importance of Tfh cells in the development of antigen-specific 

B cell immunity [17,111–113].

The balance between the transcription factors Bcl6 and Blimp-1, which respectively enforce 

and repress Tfh cell development, largely influences the commitment of Ag-experienced 

CD4+ T cells into the Tfh cell differentiation pathway [22]. Recent works demonstrate that 

IL-2 regulates this balance by directly promoting Blimp-1 expression via Stat5 [19,20], 

which in turn represses Bcl6 and precludes Tfh cell development. In addition to repress Bcl6 

expression, IL-2 signaling also influences Tfh cell differentiation by preventing the 

biological activity of Bcl6 via T-bet [18]. In this regard, an elegant study by Oestreich et al. 
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shows that high levels of IL-2 increase the T-bet/Bcl6 ratio and favors the formation of T-

bet-Bcl6 complexes that mask the Bcl-6 DNA-binding domain and prevent it from binding 

to its target genes [18].

In agreement with the inhibitory role of IL-2 in Tfh cell differentiation, we have recently 

shown that IL-2 administration prevents the development of Tfh cells following influenza 

virus infection, indicating that the physiological availability of IL-2 is a critical factor for the 

regulation of Tfh cell responses in vivo [17]. IL-2 treatment also precluded influenza-

specific GCs and long-lived PC responses in this work. However, these observations were 

not due to a direct effect of IL-2 on B cells, but instead due to the absence of help from Tfh 

cells. More importantly, high IL-2 levels suppressed Tfh cell responses in the absence of 

Tregs [17,21], suggesting that Tregs are not required for the ability of IL-2 to repress Tfh 

cell responses. Collectively, these studies demonstrate an immunosuppressive function of 

IL-2 that is independent on its role on Treg homeostasis, and provide and alternative 

mechanism to explain the clinical benefits of IL-2 immunotherapies to treat antibody-

mediated autoimmune disorders. Furthermore, these data offer new insights into how 

polymorphisms in the IL-2 and IL-2R genes can affect self-reactive Tfh and B cell responses 

and influence the development of autoimmune disease manifestations.

Conclusion & future perspective

GCs with self-reactive B cells are often detected in human patients [120–124] and in animal 

models with several forms of autoimmune disease, including SLE [125–127] and diabetes 

[126,128]. Some studies also indicate that ectopic GC formation in non-lymphoid tissues 

could contribute to pathogenesis of lupus tubulointerstitial inflammation in human SLE 

patients [120] and to synovial inflammation in rheumatoid arthritis [124,129]. Although the 

exact immunological mechanisms by which self-reactive GC B cells may contribute to 

disease pathogenesis is not clear, production of auto-antibodies from PC arising from self-

reactive GCs may be one of the mechanisms by which autoreactive GCs might contribute to 

autoimmune disease pathogenesis and progression. In addition, to promote Ab responses, 

GC B cells also efficiently present Ag to CD4+ T cells [130,131], particularly when Ag 

availability is limited, secrete proinflammatory cytokines, and facilitate DC:T encounters by 

regulating DC and T-cell positioning within the secondary lymphoid organs [132,133]. 

Therefore, self-reactive GC responses might also contribute to autoimmune disease 

pathogenesis by several antibody-independent mechanisms [134].

In humans, B-cell depletion therapy is approved for the treatment of RA, and has been 

evaluated for the treatment of other forms of autoimmune diseases, including T1D [135] and 

SLE [136–138], although the clinical benefits of B-cell depletion are lower than initially 

predicted [139]. Importantly, although existing B-cell depleting agents efficiently deplete 

the majority of circulating naive B cells, mature B cells and memory B cells, they have 

limited impact on GC B cells and long-lived PCs [140–142]. Thus, survival of long-lived 

PCs and continuous replenishment of long-lived PCs from the GCs provides a plausible 

explanation for the long-term stability of some autoantibody species observed after B-cell 

depletion and the limited efficacy of these therapies.
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Notably, self-reactive Tfh cells expand and contribute to autoimmune disease development 

in several mouse models [143,144]. Likewise, expansion of Tfh-like CD4+ T cells is 

observed in autoimmune patients [145–151], and circulating Tfh cells and circulating 

CCR7loPD-1hiCX-CR5hi Tfh precursors, have been suggested as a potential biomarker of 

disease in various autoimmune disorders [143,144,152]. Based on the central role of Tfh 

cells in controlling GC B-cell maintenance and their putative role in autoimmune disease 

development, it is reasonable to speculate that depletion of Tfh cells may disrupt pre-

existing self-reactive GC structures and preclude the repopulation of the long-lived PC 

compartment with self-reactive PCs. Supporting the potential therapeutic benefits of Tfh 

depletion-based therapies, in vivo blockade of factors implicated in Tfh homeostasis and 

function, such as CD40 [123,126] or IL-21 [153–155], prevents disease progression in 

several preclinical models. Importantly, given that elevated physiological levels of IL-2 

preclude Tfh cell responses, it is possible that, in addition to promoting Tregs expansion, 

treatment with IL-2 also prevents self-reactive Tfh cell responses in vivo, thereby hindering 

the maintenance of self-reactive GC B cells and subsequent immunopathology. Although, 

the dose-effect of IL-2 in Tfh cell differentiation has not been formally addressed, we found 

that treatment of influenza-infected mice with relatively low doses of IL-2 prevented 

influenza-specific Tfh cell responses, without necessary affecting the expansion of 

influenza-specific Teff cells [17]. Therefore, the potential effects of IL-2-based 

immunotherapies on Tfh cells should now be considered when using low IL-2 doses in 

preclinical studies and clinical trials.

The data summarized in this review support the potential of low IL-2-based 

immunotherapies to treat antibody-mediated autoimmune disorders. However, the toxicity 

and pleiotropic effects of IL-2 limit the clinical applicability of these therapies. New 

therapeutic approaches to prevent undesirable adverse effects, and specifically target IL-2 to 

Tregs and/or Tfh cells, will significantly improve the efficacy of these therapies. One 

potential way to achieve these goals is to explore the potential synergistic effects of 

combining IL-2 administration with blockade of cytokine pathways that prevent Tregs 

function and/or promote Tfh cell development. For example, while IL-2 signaling promotes 

Treg expansion and function, IL-6 suppresses Treg activity [156]. Thus, one could speculate 

that co-administration of low doses of IL-2 (or IL-2/anti IL-2 complexes) together with anti-

IL6R (currently FDA-approved for the treatment of RA) might synergize to promote Tregs-

mediated suppression. Notably, IL-6 also favors Bcl6 expression and Tfh cell differentiation 

[157–160]. Thus, in addition to enhancing Treg activity, combined IL-2 and anti-IL-6R 

administration could prevent unwanted Tfh cell responses, thereby precluding self-reactive 

GC B-cell responses.

The use of IL-2/anti-IL-2 complexes to target CD25-expressing cells and expand Tregs also 

represent a promising strategy to promote IL-2 mediated immunosuppression without 

inducing IL-2-mediated expansion of autoreactive Teff cells. However, no clinical studies 

have yet been conducted to evaluate the safety and the clinical benefits of IL-2/anti-IL-2 

complex-based immunotherapies when administered to human patients. Therefore, future 

studies need to be done in order to further validate the results obtained with the animal 
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experimental models, and to determine the appropriate dose of IL-2/anti-human IL-2 

complexes that can be safely administered to patients.
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Executive summary

IL-2-based immunotherapy

• IL-2 can promote and inhibit immune responses depending on the dose and type 

of target cells.

• Low-dose IL-2 immunotherapy selectively favors the immunosuppressive 

functions of IL-2 and shows clinical benefits in the treatment of some 

autoimmune disorders.

IL-2 promotes regulatory T cell mediated immunosuppression

• Regulatory T cells (Tregs) prevent self-reactive responses by multiple direct and 

indirect mechanisms of suppression.

• The transcription factor Foxp3 is required for the development and function of 

Tregs.

• IL-2 plays a critical role in immune tolerance by enforcing FoxP3 expression.

• Impaired IL-2 signaling is linked to Treg malfunction and autoimmune disease 

development in human patients.

• Low-doses of IL-2 therapy selectively targets Treg expansion.

• Low-dose IL-2-based immunotherapies may prevent unwanted self-reactive 

responses by promoting Treg-mediated immunosuppression.

IL-2/anti-IL-2 complex immunotherapy

• IL-2 infused in complex with the anti-IL-2 monoclonal antibody JES6-1 

selectively targets CD25-expressing cells and expands Tregs more efficiently 

than IL-2 administration alone.

• IL-2/anti-IL-2 complex induce similar biological effects to IL-2 monotherapy, 

but at lower concentration.

• The benefits of IL-2/JES6-1 complex administration have been demonstrated in 

several preclinical models.

T-follicular helper cells & autoimmune disorders

• T-follicular helper (Tfh) cells help germinal center (GC) B-cell responses.

• Self-reactive Tfh cells expand and contribute to autoimmune disease 

development in preclinical models and humans with autoimmune disorders.

• Self-reactive GC B cells are present in human patients and animal models with 

several forms of autoimmune disease.

• Survival of GC B cells provides a plausible explanation for the long-term 

stability of some autoantibodies species observed after B-cell depletion and the 

limited efficacy of these therapies.
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• Depletion of Tfh cells may disrupt self-reactive GC structures and prevent B-

cell dependent immunopathology.

IL-2 inhibits Tfh cell development

• The transcription factor Bcl6 is required for the Tfh cell development and 

function.

• IL-2 represses Bcl6 expression and biological activity.

• IL-2 treatment prevents the development of Tfh cells, thereby hindering GC B-

cell responses in vivo.

• Tregs are not required for the ability of IL-2 to repress Tfh cell responses.

• The effect of IL-2 in Tfh cells demonstrates an immunosuppressive function of 

IL-2 that is independent of its role on Treg homeostasis.
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Figure 1. The pleiotropic roles of IL-2 in controlling T-cell responses
Ag: Antigen; AICD: Activation-induced cell death; DC: Dendritic cell; Tfh: T-follicular 

helper; Th: T helper.

Ballesteros-Tato Page 22

Immunotherapy. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


