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ORIGINAL RESEARCH

Current landscape and future prospects of interleukin-2 receptor (IL-2R) agonists in 
cancer immunotherapy
Kengo Tanigawaa,b and William L. Redmond a

aEarle A. Chiles Research Institute, Providence Cancer Institute, Portland, OR, USA; bDepartment of Pulmonary Medicine, Graduate School of Medical 
and Dental Sciences, Kagoshima University, Kagoshima, Japan

ABSTRACT
Immune checkpoint blockade (ICB) has significantly improved the survival for many patients with 
advanced malignancy. However, fewer than 50% of patients benefit from ICB, highlighting the need for 
more effective immunotherapy options. High-dose interleukin-2 (HD IL-2) immunotherapy, which is 
approved for patients with metastatic melanoma and renal cell carcinoma, stimulates CD8+ T cells and 
NK cells and can generate durable responses in a subset of patients. Moreover, HD IL-2 may have potential 
efficacy in patients whose disease has progressed following ICB and plays a vital role in expanding tumor- 
infiltrating lymphocyte (TIL) in TIL therapy. Despite its potential, the use of HD IL-2 is limited by severe 
toxicities such as hypotension and vascular leak syndrome. Additionally, only a few patients achieve 
a good outcome after HD IL-2 therapy. To address these challenges, numerous next-generation IL-2 
receptor (IL-2 R) agonists have been developed to exhibit treatment effects while minimizing adverse 
events. This review will explore IL-2 biology, the clinical application of HD IL-2 therapy, and the develop
ment of novel IL-2 R agonists for cancer immunotherapy.
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1. Introduction

Cancer is a leading cause of death worldwide with an estimated 
20 million new diagnoses and almost 10 million deaths in 
2022.1 Surgery, radiation, and cytotoxic chemotherapy are 
among the standard cancer treatments. Targeted therapies, 
such as BCR-ABL and epidermal growth factor receptor 
(EGFR)-specific tyrosine kinase inhibitors (TKIs), have signif
icantly improved prognosis for patients with malignant 
tumors. Furthermore, immune checkpoint blockade (ICB) 
with anti-cytotoxic T-lymphocyte associated protein 4 
(CTLA-4), anti-programmed cell death protein 1 (PD-1), anti- 
programmed cell death-ligand 1 (PD-L1), and/or anti- 
lymphocyte activation gene 3 (LAG-3) monoclonal antibodies 
(mAb) demonstrate profound and durable efficacy in some 
patients. Cytokine-based immunotherapy using interferon 
and interleukin-2 (IL-2) has been given to selected patients 
beginning in the 1980s. IL-2 enhances T cell expansion, effec
tor differentiation, and survival.2 In clinical trials, administra
tion of high dose (HD) IL-2 induced tumor regression and 
durable responses in a subset of patients, leading to its approval 
for metastatic renal cell carcinoma (RCC) in 1992 and meta
static melanoma in 1998.

IL-2 binds and signals through the IL-2 receptor (IL-2 R), 
which consists of three subunits: IL-2 Rα (CD25), IL-2 Rβ 
(CD122), and the common gamma chain (γc) (CD132). The 
IL-2 Rαβγc heterotrimer has the highest affinity for IL-2 and is 
constitutively expressed on regulatory T cells (Tregs) and on 
group 2 innate lymphoid cells (ILC2s). The IL-2 Rβγc 

heterodimer shows intermediate affinity and is expressed on 
effector T (Teff) cells, natural killer (NK) cells, and memory 
T cells. IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21 share the com
mon cytokine receptor γc .3,4 Although IL-2 leads to Treg 
expansion, it also activates Teff and NK cells and elicits anti- 
tumor effects. The related cytokine IL-15 also stimulates Teff, 
NK, and memory T cells through binding of the intermediate 
affinity IL-2 Rβγc but does not induce Treg expansion. Hence, 
IL-15 is also being evaluated as a cancer therapy, primarily in 
conjunction with other treatments such as ICB and adoptive 
cell therapy (ACT).5,6 IL-2/IL-2 R pathway mediates the acti
vation of T and NK cells which play a crucial role in cancer 
therapy.

Although some patients with metastatic renal cell carci
noma (RCC) and metastatic melanoma achieve durable 
responses after HD IL-2 treatment, most patients do not 
experience any clinical benefit.7–9 Even in patients who derive 
clinical benefits, multiple doses and cycles of HD IL-2 are 
needed due to its short half-life. The dosing schedule is asso
ciated with severe adverse events, such as hypotension and 
vascular leak syndrome (VLS). Therefore, only specialized cen
ters with appropriate clinical expertise provide HD IL-2 treat
ment. To overcome these disadvantages and improve efficacy, 
numerous next-generation IL-2 R agonists, such as pegylated 
IL-2, IL-2 fusion proteins, mutated IL-2, and IL-2 mAb com
plexes have been developed and more clinical trials for next- 
generation IL-2 (51 clinical trials as of September 25, 2024)10 

are being conducted in cancers compared to other cytokine 
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therapies. Furthermore, HD IL-2 plays an important role in 
supporting the expansion and survival of adoptively trans
ferred cells such as for tumor-infiltrating lymphocyte (TIL) 
therapy, which was recently approved for the treatment of 
metastatic melanoma.11,12 Thus, elucidating the function and 
biology of IL-2 and next-generation IL-2 R agonists is essential 
for the development of more potent and less toxic IL-2-based 
therapies. This review will explore the IL-2/IL-2 R pathway 
including signaling, biological effects, and the utility of HD 
IL-2, and next-generation IL-2 R agonists for cancer treatment.

2. IL-2: production, receptor components, and IL-2 R 
signaling pathways

Human IL-2 is a 133 amino acid protein with a molecular 
weight ranging from 15 to 18 kDa, depending on the extent 
of post-translational modifications, and has a relatively short 
half-life of 85 minutes. Activated CD4+ T cells are the primary 
source of IL-2, but both activated antigen-specific CD4+ and 
CD8+ T cells can produce large amounts of IL-2 during an 
immune response13,14 (Figure 1). T cell receptor (TCR) stimu
lation mediates the production of IL-2. Dendritic cells (DCs), 
B cells, NK cells, and ILCs also produce small quantities of IL- 
2.15 In T cells, IL-2 is regulated by several transcription factors, 
including nuclear factor of activated T cells (NFAT) family 
members, activator protein 1 (AP-1), nuclear factor-κB (NF- 
κB), octamer-binding protein 1 (OCT1), high mobility group 

protein high mobility group (HMG)-I/HMG-Y, and forkhead 
box protein P3 (FOXP3).16 T cells mainly contribute to the 
production of IL-2.

The IL-2 R consists of three subunits, IL-2 Rα (CD25), IL-2  
Rβ (CD122), and γc (CD132) (Figure 1a). Various regulatory 
elements and transcriptional factors control IL2RA, IL2RB, and 
IL2RG transcription. IL2RA is regulated by signal transducer 
and activator of transcription 5A (STAT5A), STAT5B, STAT3, 
NFAT, NF-κB, AP-1, SP1, early growth response protein 1 
(EGR1), and E74-like factor 1 (ELF1). IL2RB is regulated by 
ETS1, GA-binding protein (GABP), SP1, EGR1, and a chimeric 
transcription factor, EWS-WT1. GABP and ELF1 might reg
ulate IL2RG.16 In terms of their affinity for IL-2, IL-2 Rα is 
a low-affinity IL-2 R (Kd = 10 nM), IL-2 Rβ alone has very low 
affinity (Kd = 100 nM), and γc alone has the lowest affinity for 
IL-2 (Kd = 700 μM) in IL-2 R.17 These three subunits form two 
types of IL-2 R complexes with different affinities for IL-2. The 
heterotrimeric IL-2 Rαβγc is the high-affinity complex 
(IL-2αβγc Kd = 10 pM), while the IL-2 Rβγc has intermediate 
affinity for IL-2 (Kd = 1 nM).17 Tregs and ILC2s constitutively 
express IL-2 Rαβγc, and IL-2 Rβγc are detected on resting Teff 
cells and CD56dim NK cells (Figure 1b). Furthermore, stimu
lating T cells through their TCR or with IL-2 induces IL-2 Rα 
transcription and forms IL-2 Rαβγc

3,18 (Figure 1b). A small 
population of CD56bright NK cells also express IL-2 Rαβγc 

19 

(Figure 1b). Most biological effects of endogenous IL-2 occur 
through signaling via IL-2 Rαβγc.

Figure 1. IL-2 R, signaling pathways, and biology of IL-2. (A) Overview of the intermediate- and high-affinity IL-2 R and the fundamental signaling pathways of IL-2 R. (B) 
The main cell types which express the intermediate- or high-affinity IL-2 R. CD, cluster of differentiation; IL-2, interleukin-2; IL-2 R, interleukin-2 receptor; JAK, janus 
kinase; MAPK, mitogen-activated protein kinase; PI3K, phosphoinositide 3-kinase; STAT, signal transducer and activator of transcription; treg, regulatory T cell; teff, 
effector T cell; NK, natural killer cell; ILC2, type 2 innate lymphoid cell. Created in BioRender. Tanigawa, K. (2025) https://BioRender.com/w03a590.
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IL-2 R signaling activates three downstream signaling path
ways: phosphoinositide 3-kinase (PI3K)-Akt, Janus kinase 
(JAK)-signal transducer and activator of transcription 
(STAT), and Shc-Ras-mitogen-activated protein kinase 
(MAPK)3 (Figure 1a). IL-2 R signaling depends on the cyto
plasmic regions of IL-2 Rβ and γc .20 JAK1 and JAK3 are in the 
cytoplasmic regions of IL-2 Rβ and γc, respectively. Binding of 
IL-2 to the IL-2 Rβγc or IL-2 Rαβγc activates JAK1 and JAK321 

and the phosphorylation of IL-2 Rβ by JAK1 recruits the Shc 
adaptor and STAT.22,23 The recruited Shc adaptor activates the 
MAPK and PI3K pathways24 and the former promotes cell 
growth, while the latter is associated with cell growth and 
survival.3 IL-2 strongly activates STAT in the order of 
STAT5, STAT3, STAT1.3 STAT5 has two paralogs, STAT5A 
and STAT5B. After STAT5A and STAT5B are phosphorylated, 
they can form STAT5 dimers or tetramers which support 
effector cell function, T cell growth, differentiation, and 
proliferation.3,23 IL-2-induced STAT5 also drives the expres
sion of the O×40costimulatory receptor on CD4+ T cells, pro
moting T cell survival and differentiation.25

3. Biological role of IL-2/IL-2 R signaling in immune 
cells

3.1. Tregs

IL-2/IL-2 R signaling affects multiple lymphocyte subsets 
(Figure 1b). IL-2/IL-2 R activity is associated with the develop
ment of Tregs, and it was shown that wild-type Tregs trans
ferred into IL-2-Rβ-deficient mice prevent lethal autoimmune 
syndrome.26 During Treg development in the thymus, IL-2 
enhances the expression of IL-2 Rα and Foxp3, leading to 
functional maturation of Tregs.27 IL-2 is also indispensable 
for the maintenance, homeostasis, and survival of Tregs.28–30 

IL-2/IL-2 R signaling facilitates gene activation, chromatin 
accessibility, and metabolism to enhance Treg proliferation; 
however, continuous IL-2 R signaling makes Tregs have less 
accessible chromatin to limit cell growth.31 IL-2 also supports 
Treg trafficking to lymphoid tissues and other sites.32 Paracrine 
IL-2 is required for Treg development since Foxp3 restricts IL- 
2 expression following TCR-stimulation.33 In terms of avail
able sources of IL-2 for Tregs, Teff cells, B cells, and DCs are 
known to produce IL-2. While the lack of IL-2 from B cells and 
DCs does not affect Treg development and homeostasis, deple
tion of IL-2 in T cells suppresses Treg development and 
decreases in Tregs in the periphery.34 These results demon
strate that T cell-derived IL-2 is an essential source for Treg 
development. CD4+ T cells are recognized as the primary 
source of IL-2, and CD4+ T cells activated by self-antigens 
produce IL-2. Paracrine IL-2 from self-activated T cells 
enhances the function of local Tregs, and activated Tregs sub
sequently regulate self-activated T cells. T cell-derived IL-2 also 
contributes to Treg homeostasis and maintains the balance 
between Tregs and self-activated T cells.35

3.2. CD4+ T cells

Naïve CD4+ T cell differentiation is regulated by the combina
tion of antigen stimulation in the presence of various cytokines 

which support the development of type 1 helper (Th1), Th2, 
Th9, Th17, and/or follicular helper T cell (Tfh) subsets among 
others. IL-2/IL-2 R signaling is a critical cytokine associated 
with this process. For example, IL-2 positively influences Th1 
differentiation. T-bet is a transcription factor that also drives 
Th1 cells and can be induced through IL-12/IL-12 R signaling 
which activates STAT4 and T-bet.36–38 IL-12 has an essential 
role for the induction of Th1 cells and IL-2-induced STAT5 
leads to the expression of IL-12 R β2-chain (IL-12 Rβ2), which 
enhances the response to IL-12 and also promotes IFN-γ 
production.16,38 STAT5 activated by IL-2 also induces IL-4 Rα 
expression and epigenetically improves the accessibility of the 
IL4 locus,39,40 which supports Th2 cell differentiation.

IL-2 suppresses Th17 cell differentiation. Th17 cells are 
characterized by their ability to secrete IL-17. IL-6 and IL-23 
activate STAT3, and activated STAT3 regulates retinoic acid- 
related orphan receptor (ROR)γt and these two transcriptional 
factors control IL-17 production and Th17-polarized T cell 
differentiation.41 IL-2 represses the gene expression of Il6ra 
and Il6st and attenuates the activation of STAT3.38 In addition, 
STAT5 binding to the locus encoding IL-17 inhibits STAT3 
binding and limits IL-17 production.42 IL-2-induced STAT5 
also reduces the expression of RORγt.43 These results suggest 
that IL-2 is a negative regulator of Th17 cell differentiation. 
Although IL-2 inhibits Th17 cell differentiation, it facilitates 
proliferation of Th17 after differentiation.44 Moreover, IL- 
2-induced STAT5 binds to the IL9 promoter, facilitating IL-9 
production and Th9 cell differentiation.45 High level of fIL-2 
stimulation sustains Blimp-1 mRNA expression,46 which 
antagonizes Bcl6 to inhibit Tfh cell differentiation.47

IL-2 plays an important role in promoting the generation, 
long-term survival, and function of memory CD4+ T cells.48 

Indeed, IL-2 signaling not only prevents acute apoptosis of 
effector cells but also supports IL-7 R alpha chain (CD127) 
expression, leading to long-term survival of memory T cells.48 

Early upregulation of IL-2 Rα and IL-2 signaling also facilitates 
IL-7 Rα re-expression, thus allowing IL-7 to support the devel
opment and maintenance of memory CD4+ T cells.49

3.3. CD8+ T cells

IL-2 is a key cytokine supporting the generation of effector and 
memory CD8+ T cells. Activated CD8+ T cells express high 
levels of IL-2 Rα, enabling sustained IL-2 signaling that leads to 
rapid proliferation, strong effector function, but also suscept
ibility to apoptosis.50 IL-2/IL-2 R signaling drives the upregu
lation of Blimp-1, a key transcription factor facilitating CD8+ 

Teff cell differentiation.46,51,52 CD25hi T cells capable of 
increased responsiveness to IL-2 express more Blimp-1 leading 
to an effector phenotype, while CD25lo CD8+ T cells with less 
sensitivity to IL-2 typically express CD127 and CD62L which 
are associated with a memory phenotype.50 Differential IL-2/ 
IL-2 R signaling plays an inverse role in T cell differentiation; 
low IL-2 concentrations and IL-2 Rα expression are linked to 
high Bcl-6 expression, promoting memory CD8+ T cell 
formation.46,53 The balance between Blimp-1 and Bcl-6 gov
erns the conversion of T cells into effector or memory states, 
depending on the intensity of IL-2 signaling.46
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3.4. NK cells

NK cells are categorized into two main subsets, 
CD56dimCD16hi and CD56brightCD16lo with the former predo
minantly expressing IL-2 Rβγc and the latter mainly expressing 
IL-2 Rαβγc. About 90% of NK cells in the blood are 
CD56dimCD16hi NK cells with cytotoxic potential, whereas 
the CD56brightCD16lo NK cell subset possesses immunoregula
tory function. IL-2, IL-7, IL-15, and IL-21 which share the 
common cytokine receptor γc help NK cells. IL-2 contributes 
to the proliferation, survival, and functional activities of NK 
cells. Low concentrations of IL-2 may facilitate the prolifera
tion of CD56bright NK cells.19 In addition, the cytolytic function 
of NK cells can also be enhanced by IL-2.54,55 IL-2 also upre
gulates the expression of IL-12 R and STAT4, which are related 
to the production of IFN-γ.56

4. HD IL-2 therapy: monotherapy, combination 
strategies, toxicity, TIL therapy, and biomarkers of 
response

4.1. HD IL-2

IL-2 was discovered as a T cell growth factor in 1976. IL-2 
became a candidate for cancer therapy based on the detection 
of the activation effect of IL-2 on Teff and NK cells. HD IL-2 is 
typically defined as 600,000 International Units/kg (0.037 mg/ 
kg) administered every 8 hours by a 15-minute intravenous 
infusion for a maximum of 14 doses per cycle. Following 
a 9–15-d rest interval, the HD IL-2 cycle is repeated. 
A maximum of 28 IL-2 doses can be administered per course 
(2 cycles) of therapy. In responding patients, a maximum of 
three courses of HD IL-2 are offered. Due to the intensity of the 
HD IL-2 regimen, essentially no individual receives all planned 
doses; each patient is treated with an individualized maximum 
tolerated dose. In early clinical studies exploring the use of HD 
IL-2 for cancer therapy, HD IL-2 was administered in combi
nation with autologous lymphokine-activated killer (LAK). 
Twenty-five patients were treated, and a complete response 
(CR) occurred in one patient with metastatic melanoma (4%) 
and partial responses (PR) were observed in 10/25 (40%) 
patients with metastatic melanoma, colon cancer, RCC, and 
lung adenocarcinoma.57 In a phase 2 trial, HD IL-2 were 
administered to patients with RCC and led to a CR in 4/71 
(5.6%) and a PR in 8/71 (11.3%) of patients.58 These results 
supported the approval of HD IL-2 therapy for metastatic RCC 
and metastatic melanoma. Additionally, the patients who 
achieved PR or CR showed durable responses.9,59 A recent 
study of HD IL-2 administered after anti-PD-1 or anti-PD-L1 
revealed that median overall survival (OS) for melanoma and 
RCC was similar between the HD IL-2 alone group and HD IL- 
2 after anti-PD-1 or anti-PD-L1.60 Importantly, durable 
responses were observed in patients receiving HD IL-2 therapy 
after ICB. Thus, HD IL-2 therapy remains a treatment option 
for patients with metastatic melanoma or RCC.

HD IL-2 stimulates IL-2 Rβγc and IL-2 Rαβγc on Teff cells, 
memory T cells, and NK cells.18 Although Tregs are also 
expanded by HD IL-2 therapy,61 it initially causes lymphocy
topenia, followed by a significant expansion of lymphocytes 
including activated CD8+ T cells which can facilitate antitumor 

immunity. IL-2 also enhances the proliferation and cytotoxicity 
of NK cells. In patients who received IL-2 dosing between 
0.5–6.0 × 106 U/m2/day (3.3–40 μg/m2/day) by continuous 
intravenous infusion, lower doses of IL-2 expand CD56bright 

NK cells, while higher doses enhance NK cell cytolytic 
activity.62

The current treatment landscape for metastatic melanoma 
and RCC includes ICB and TKI rather than HD IL-2 therapy 
due to improved efficacy and the potentially severe toxic side 
effects of high-dose cytokine therapy. However, if HD IL-2 
therapy is appropriately managed clinically, the toxicities of 
cytokines therapy can be reversible and HD IL-2 therapy 
remains a treatment option for patients with metastatic mela
noma or RCC.7,9,59,63 Additionally, as mentioned earlier, HD 
IL-2 therapy after treatment with PD-1 or PD-L1 inhibitors is 
effective60 and remains an effective option for patients with this 
deadly disease after ICB therapy.

Although HD IL-2 therapy can induce durable responses 
that can last for decades, it benefits only a subset of patients, 
potentially due to the emergence of therapeutic resistance. 
Thus, elucidating mechanisms of resistance may help increase 
the impact and efficacy of HD IL-2. Some studies suggest that 
Tregs are related to a poor prognosis; hence, they may be 
a major mechanism of resistance.61,64,65 Prostaglandin E2 
(PGE2), which acts through its receptors, prostaglandin E2 
receptor 2 (EP2) and EP4, negatively regulates immune 
responses within the tumor microenvironment (TME). PGE2 
suppresses γc expression in CD8+ TIL and represses mamma
lian target of rapamycin (mTOR) activation and peroxisome 
proliferator-activated receptor-gamma coactivator (PGC)-1α 
transcriptional expression, leading to oxidative stress and fer
roptosis which is an iron-dependent cell death.66 PGE2 can also 
inhibit TIL expansion,66,67 thus PGE2–EP2/EP4 signaling 
might be an effective target to improve the effects of IL-2 
therapy.

4.2. HD IL-2 + RT

Radiation therapy (RT) induces the release of inflammatory 
cytokines and damage-associated molecular patterns 
(DAMPs), upregulates major histocompatibility complex 
(MHC) class I, and increases tumor-infiltrating CD8+ 

T cells.68–71 Combination therapy with RT and HD IL-2 was 
investigated to test the hypothesis that the addition of RT 
would enhance the anti-tumor effects of HD IL-2 therapy. 
However, the overall response rate (ORR) was only 
12.5–15.8% in two phase 2 clinical trials of RT (6–12 Gy per 
fraction) and HD IL-2.72,73 Recent studies have demonstrated 
that high-dose fractionated radiation can promote more robust 
CD8+ T cell infiltration74,75 and synergize with immunother
apy to enhance tumor regression in preclinical models.76,77 

Specifically, stereotactic body radiation therapy (SBRT) is 
a type of radiotherapy that can accurately irradiate tumors 
with high doses of radiation, and typically one to three doses 
of SBRT (20 Gy per fraction) are used. Anticipating that high- 
dose radiation would enhance anti-tumor immunogenicity, 
our institute conducted phase 1 and 2 trials to explore the 
safety and efficacy of HD IL-2 + SBRT. The phase 1 trial 
exhibited an ORR of 7/12 (58.3%), which exceeded 

4 K. TANIGAWA AND W. L. REDMOND



expectations for HD IL-2 monotherapy.78 These findings pro
vided the rationale for conducting a subsequent randomized 
phase 2 clinical trial. In this phase 2 clinical trial, the ORR in 
the HD IL-2 monotherapy and SBRT + hD IL-2 cohorts were 
35% and 54%, respectively. However, no significant difference 
in OS or progression-free survival (PFS) between SBRT + hD 
IL-2 versus HD IL-2 alone was observed.79 While the reasons 
for this remain unclear, one possibility is that the dose of RT 
selected may not have been sufficient to elicit optimal antigen 
release and/or MHC I upregulation to support increased T cell- 
mediated anti-tumor immunity. In addition, patients treated 
with HD IL-2 monotherapy were allowed to crossover to 
receive SBRT and patients received various prior therapies 
such as radiation and ICBs, which may have impacted the 
ORR and OS in the HD IL-2 monotherapy cohort.

4.3. Toxicity

Due to its short half-life, repeated administration of HD IL-2 is 
necessary to achieve optimal anti-tumor responses. Frequent 
bolus dosing induces qualitative differences in T cell activity, 
leading to more favorable anti-tumor responses. However, 
there is no known way to separate the therapeutic effect of 
HD IL-2 from adverse events such as hypotension, cytokine 
storm, VLS, renal failure, hepatic injury, neurological changes, 
and electrolyte disturbances. HD IL-2 induces cytokine release 
and damages human endothelial cells,80 which facilitates vas
cular permeability that leads to leakage of fluid into interstitial 
spaces, which causes peripheral edema, low blood pressure, 
pulmonary edema, and organ dysfunction. IL-2 activates 
ILC2s via IL-2 Rαβγc complex, which secrete IL-5 to stimulate 
eosinophils.81 It is believed that IL-5-induced eosinophilia 
increases the production of inflammatory cytokines, which 
can also contribute to VLS. NK cell expansion also increases 
inflammatory cytokines, chemokines, and recruits 
neutrophils,82,83 which also contributes to HD IL-2-mediated 
adverse events in patients. Management of VLS and blood 
pressure changes are vital for successful HD IL-2 therapy. 
Consequently, some institutions conduct HD IL-2 therapy 
within the intensive care units or specialized medical oncology 
units where vasopressors and other intensive supportive mea
sures can be offered. However, the toxicities of HD IL-2 are 
reversible and manageable.84 A previous report indicated that 
treatment-related deaths were not observed in 809 patients.85 

Additionally, immune-related adverse events may correlate 
with an improved prognosis.86 Thus, patients with RCC or 
melanoma can receive HD IL-2 therapy with appropriate clin
ical management, including management of adverse events, 
which is associated with better outcomes.

4.4. TIL therapy

TIL therapy is a type of ACT composed of non-myeloablative 
lymphodepletion followed by administration of TILs in com
bination with HD IL-2.87 Given the critical role of IL-2 in 
regulating T cell growth and survival, the expansion of TIL 
by HD IL-2 is thought to be critical for TIL therapy. While 
most studies utilize HD IL-2 in ACT, low-dose IL-2 and fewer 
IL-2 bolus doses have also shown potential in supporting TIL 

therapy.88–90 Recent studies demonstrated the clinical efficacy 
of TIL therapy which achieves durable responses in patients 
with advanced melanoma that progressed after ICBs and tar
geted agents.11,12 These findings contributed to approval for 
TIL therapy for metastatic melanoma. Additional clinical trials 
revealed that TIL therapy also showed anti-tumor responses in 
non-small cell lung cancer (NSCLC) patients.91 HD IL-2 ther
apy is essential for supporting TIL therapy, and the develop
ment of next-generation IL-2 agents is anticipated to help 
improve response rates while limiting the toxicity associated 
with HD IL-2.

4.5. Biomarkers of response

Detecting biomarkers associated with the therapeutic efficacy 
of HD IL-2 treatment remains a critical research focus, as it 
may help identify patients most likely to benefit from this 
approach. In a clinical trial exploring whether the combination 
of HD IL-2 and SBRT improves outcomes, responders exhib
ited a higher frequency of proliferating effector memory CD4+ 

T and CD8+ Teff cell phenotypes both before and during 
treatment.78 One hypothesis is that these T cells may include 
a subpopulation of tumor-specific T cells that respond to the 
stimulatory effects of HD IL-2. Another study on metastatic 
melanoma patients treated with HD IL-2 revealed that those 
with disease progression showed elevated CD8+ Foxp3+ T cells, 
which constitutively expressed IL-2 Rα and CTLA-4.92 It is 
unclear whether this population represents a putative suppres
sive CD8+ T cell subset or if the increased expression of the 
inhibitory receptor CTLA-4 impairs T cell effector function.

It is also known that suppressive Foxp3+CD4+ Tregs pro
gressively expand during and after the HD IL-2 treatment.93 

For example, elevated levels of circulating Foxp3+CD4+ Tregs 
were observed in patients with progressive disease.92 Another 
study has shown that the percentage and number of 
Foxp3+CD4+ Tregs in peripheral blood was higher in non- 
responders compared to responders 1 week after treatment.64 

Additionally, a reduction in Treg levels to normal donor levels 
within 4-week post-treatment was associated with favorable 
objective responses.61

Inducible T cell costimulator (ICOS), a member of the 
CD28 superfamily, is expressed on the surface of T cells. 
ICOS signaling promotes the generation, proliferation, and 
survival of Tregs.65,94 ICOS+ Tregs produce immunosuppres
sive cytokines such as IL-10 and transforming growth factor 
(TGF)-β65,94,95 and exhibit greater tumor suppressive 
function.65 In addition, melanoma patients with enhanced 
expansion of ICOS+ Tregs in the blood following their first 
cycle of HD IL-2 therapy had worse clinical outcomes com
pared to patients with fewer ICOS+ Tregs.65 These results 
suggested that reduced Treg expansion and/or the activation 
status of HD IL-2-induced Tregs may correlate with the treat
ment efficacy of HD-IL-2 therapy.

A recent study demonstrated that expression of PD-L1 in 
TME, as assessed by immunohistochemistry (IHC), was asso
ciated with positive responses to HD IL-2 therapy,96 suggesting 
that HD IL-2 may be more effective in inflamed tumors. 
However, IL-2 can also promote the indirect proliferation of 
DCs, which may support anti-tumor efficacy in T cell excluded 
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or non-inflamed tumors by increasing T cell infiltration into 
these poorly immunogenic tumors.97 Thus, evaluation of PD- 
L1 and TIL status pathologically may have the potential to help 
predict treatment effects of HD IL-2.

5. Development of next-generation IL-2 therapies

While HD IL-2 can induce durable responses to patients with 
metastatic disease, its efficacy is limited and often accompanied 
by severe adverse events that require extensive clinical manage
ment. To address these challenges, a variety of next-generation 
IL-2 R agonists have been developed with the aim of improving 
outcomes while reducing the incidence and severity of adverse 
events. This review provides an overview of recent clinical 
trials investigating IL-2 therapies, including pegylated IL-2 R 
agonists, IL-2 fusion proteins, IL-2/IL-2 R mAb complexes, 
and other novel approaches (Figure 2, Table 1).

5.1. Pegylated IL-2: NKTR-214, THOR-707, NL-201, STK- 
012, and TransCon IL-2 β/γ

One approach to improve the function and safety of IL-2 is 
through pegylation, whereby the IL-2 protein is engineered 
with polyethylene glycol (PEG) molecules to improve its solu
bility and pharmacokinetics (PK). PEG molecules can also be 
added in a site-specific manner to IL-2, enabling selective 
binding to specific IL-2 R subunits. One of the earliest 
PEGylated IL-2 R agonists was NKTR-214 (bempegaldesleu
kin), which consists of an IL-2 protein bound to multiple 
chains of releasable PEG molecules. While NKTR-214 is initi
ally inactive, the gradual release of PEG after drug administra
tion restores the biological activity of IL-2. Specifically, NKTR- 
214 is an IL-2 Rβ-biased pegylated IL-2 R agonist. NKTR-214 
contains PEG chains at the IL-2 Rα binding cite of IL-2, thus 
greatly reducing binding to IL-2 Rαβγc and mainly targeting 
the intermediate IL-2 Rβγc. This preferentially expands CD8+ 

Teff and NK cells expressing IL-2 Rβγc as compared to Tregs 
with IL-2 Rαβγc.98 NKTR-214 has a half-life of 15.5 hours,98 

which is significantly longer than the non-pegylated recombi
nant human IL-2, allowing for reduced dosing frequency and 
minimizing toxicity.99 In the murine melanoma tumor model, 
NKTR-214 induced a favorable CD8+ Teff cell/Treg ratio as 
compared to rIL-2. Moreover, NKTR-214 monotherapy or in 
combination with anti-CTLA-4 or anti-PD-1 mAbs revealed 
potent anti-tumor efficacy.99

These preclinical data led to the evaluation of NKTR-214 in 
several phase 1/2 clinical trials100,101 and subsequently two 
phase 3 trials of NKTR-214 combination therapy with anti- 
PD-1 (nivolumab). Unfortunately, both phase 3 trials, the 
PIVOT IO 001 (NCT03635983)102 and PIVOT-09 
(NCT03729245), did not meet their primary endpoints.103 

The reasons for these negative results remain unclear, but 
several possibilities may have contributed. Firstly, the maxi
mum tolerated dose (MTD) of NKTR-214 is 0.009 mg/kg every 
3 weeks.104 However, NKTR-214 was administered at a dose of 
0.006 mg/kg in the PIVOT IO 001102 and PIVOT-09 studies.103 

Thus, the dosing of NKTR-214 may have been suboptimal. 
Secondly, it is possible that NKTR-214 was not as selective 
for IL-2 Rβ as anticipated since this is dependent on which 

PEG moieties are released.105 Thirdly, anti-PD-1 ICB may not 
have been the optimal combination to enhance the clinical 
efficacy of NKTR-214. Biomarker analysis of the PIVOT IO 
001 study revealed that NKTR-214 + nivolumab therapy 
induced a greater expansion of Tregs than CD8+ T or NK 
cells, alongside elevated IL-10 which could suppress anti- 
tumor activity.106 Additionally, tachyphylaxis and/or insuffi
cient immune cell trafficking to the tumor tissue may also have 
diminished the therapeutic efficacy.106 Elevated serum IFN-γ 
levels detected following NKTR-214 were also observed after 
combination NKTR-214 + nivolumab therapy.106 However, 
increased IFN-γ levels were not associated with favorable out
comes, suggesting that systemic IFN-γ may not be associated 
with the beneficial effects of IL-2 treatment. We previously 
reported that combination therapy with NKTR-214 and radia
tion therapy (RT) enhanced tumor-specific CD8+ T cell 
responses77 and NKTR-214 + NKTR-262 (Toll-like receptor 
(TLR) 7/8 agonist) therapy expanded more activated CD8+ 

T cells and prolonged survival compared with NKTR-214 +  
RT in mice.107 It is possible that NKTR-214 combination 
therapy with RT or TLR 7/8 agonist may be more effective 
against tumors rather than NKTR-214 + ICB.

Other PEGylated IL-2 agonists such as THOR-707, NL-201, 
and SK-012 are also in development. THOR-707 has PEG 
specifically binding to an inserted non-natural amino acid in 
rIL-2 that reduces binding to IL-2 Rα but retains binding to 
IL-2 Rβγc.108 In mouse models, THOR-707 induced the expan
sion of peripheral and tumor-infiltrating NK and CD8+ T cells 
without increasing Tregs in tumors.108–110 Peripheral CD8+ 

T cells were also expanded by THOR-707 in non-human pri
mates (109,110). THOR-707 caused CD8+ T cell infiltration 
and elicited additive anti-tumor efficacy in combination with 
anti-PD-1 without the onset of VLS (109,110). In clinical trials, 
the THOR-707 exhibited a half-life of approximately 10 hours, 
with increased CD8+ T and NK cell numbers observed post- 
administration.111 Furthermore, THOR-707 was well tolerated 
and VLS was not observed. The reported response rate, how
ever, was low with only 4/68 (5.9%) of patients achieving PR by 
Response Evaluation Criteria in Solid Tumors (RECIST) cri
teria, including one patient with an unknown primary, two 
patients with basal cell carcinomas, and one patient with head 
and neck squamous cell carcinoma (HNSCC).111

NL-201 is a pegylated form of Neo-2/15,112 derived from 
a de novo computational design of selective mimics of IL-2 and 
IL-15, which binds to IL-2 Rβγc without interacting with IL-2  
Rα.113 NL-201 exhibited similar biological effects as other next- 
generation IL-2 R agonists including enhanced expansion of 
CD8+ T cells without affecting Tregs, resulting in a favorable 
CD8+ Teff cell/Treg ratio.113 NL-201 treatment was also shown 
to enhance T cell infiltration, interferon (IFN)-γ-dependent 
MHC-I expression on tumors, T cell numbers, and clonal 
diversity.114 Despite these promising preclinical results, 
a phase 1 clinical trial (NCT04659629) was discontinued due 
to a lack of efficacy.

STK-012 is a pegylated rIL-2 protein (mutein) engineered 
to selectively bind IL-2 Rα and IL-2 Rβ, and stimulating anti
gen activated T cells but not NK or naïve T cells.115 In an 
ongoing phase 1 study of STK-012 alone and with anti-PD-1 
(pembrolizumab) (NCT05098132), STK-012 exhibited a half- 
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life of ~4 days and treatment led to PR in 3/40 (7.5%) patients, 
including one each with RCC, NSCLC, and HNSCC.

TransCon IL-2 β/γ is an IL-2 modified with a permanently 
attached PEG molecule to a cysteine residue, blocking binding 

to IL-2 Rα while utilizing TransCon linker technology to slowly 
release methoxy PEG (mPEG), thereby extending its half-life. 
Due to the abolishment of binding to IL-2 Rα, TransCon IL-2 
β/γ retains strong IL-2 Rβγc activity116 and additional PEGs 

Figure 2. IL-2 R agonist immunotherapies. Overview of various IL-2-based agents developed for the treatment of malignant tumors. (A) IL-2 combined with PEG 
molecules to improve its solubility and PK. (B) IL-2 fused with albumin to prolong its half-life. (C) A permuted IL-2 with the extracellular domain of IL-2 Rα to selectively 
stimulate IL-2 Rβγc. (D) Fc fusion protein consisting of an HLA complex containing peptide epitopes and IL-2 molecules. (E) IL-2 designed to simultaneously bind the IL-2  
R and specific antigens. (F) IL-2 conjugated with an anti-IL-2 mAb to improve its half-life. (G) IL-2 molecule engineered to activate within tumor tissues. (H) LNP including 
mRNA encoding a modified IL-2. (I) An oncolytic adenovirus engineered to encode IL-2 and tnf-α. PEG, polyethylene glycol; IL-2, interleukin-2; IL-2 R, interleukin-2 
receptor; HLA, human leukocyte antigen; ab, antibody; mAb, monoclonal antibody; LNP, lipid nanoparticle; mRNA, messenger RNA; PK, pharmacokinetics; TNF, tumor 
necrosis factor; teff, effector T cell; NK, natural killer cell; treg, regulatory T cell; MMP, matrix metalloprotease; CD, cluster of differentiation; CTLA-4, cytotoxic 
T-lymphocyte antigen 4; PD-1, programmed cell death 1; FAP, fibroblast activation protein; CAF, cancer-associated fibroblast; HPV, human papilloma virus; TCR, T cell 
receptor. Created in BioRender. Tanigawa, K. (2025)https://biorender.com/w03a590.
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were added to increase the half-life of the drug in vivo. A phase 
1/2 trial (NCT05081609) has shown minimal toxicity and some 
clinical benefit in a subset of patients with one patient with 
colorectal cancer (CRC) experiencing PR in the monotherapy 
cohort (1/25, 4%) and two patients with small cell lung cancer 
experiencing PR in the combination cohort with pembrolizu
mab (2/21, 9.5%).117,118

5.2. IL-2 superkine: MDNA11

MDNA11 is a long-acting IL-2 superkine consisting of an IL-2 
mutein fused with albumin, which prolongs the half-life of IL- 
2. The IL-2 mutation in MDNA11 increases IL-2 Rβ affinity 
and abrogates IL-2 Rα binding. By selectively engaging IL-2 Rβ, 
MDNA11 activates NK and naïve CD8+ T cells without 
expanding Tregs, demonstrating strong anti-tumor efficacy in 
monotherapy and in combination with anti-PD-1 or anti- 
CTLA-4 in preclinical models.119 In non-human primates, it 
was also well tolerated.119 In an ongoing phase 1/2 study of 
MDNA11 (ABILITY-1 study; NCT05086692), MDNA11 
monotherapy resulted in ORR in 4/14 (29%; 1 CR, 3PR), 
including a patient with microsatellite instability (MSI)-high 
pancreatic ductal adenocarcinoma, two patients with mela
noma, and one patient with small bowel cancer. Additional 
cohorts testing the combination of MDNA11 and anti-PD-1 
(pembrolizumab) are enrolling. Further analyses demonstrated 
the expansion of CD8+ T cells and NK cells but not Tregs, 
following repeated dosing of MDNA11 and upregulation of 
T cell factor (TCF)-1, which drives a more favorable stem-like 
T cell phenotype.120 Importantly, MDNA11 was well tolerated 
with no dose-limiting toxicity or VLS.

5.3. IL-2/IL-2 Rα fusion protein: ALKS 4230

ALKS 4230 (nemvaleukin alfa) is an engineered fusion protein 
consisting of a circularly permuted IL-2 with the extracellular 
domain of IL-2 Rα and is designed to selectively stimulate 
IL-2 Rβγc.121 In preclinical studies, ALKS 4230 expanded NK 
cells and CD8+ memory T cells, demonstrating the anti-tumor 
efficacy in the B16F10 lung tumor model.121 The ARTISTRY-1 
trial (NCT02799095) reported that 4 out of 22 (18.2%) patients 
with RCC achieved PR, and 8.7% (4/46) patients had PR in 
melanoma122 after ALKS 4230 monotherapy. In the combination 
therapy cohort, ALKS 4230 + pembrolizumab led to CR in 2/14 
(14.3%) and PR in 2/14 (14.3%) of platinum-resistant ovarian 
cancer patients. Ongoing trials include a phase 2 trial 
(NCT04830124; ARTISTRY-6) evaluating the effect of ALKS 
4230 in cutaneous or mucosal melanoma patients after ICB treat
ment and a phase 3 trial (NCT05092360; ARTISTRY-7) to 
assesses the efficacy of combination therapy of ALKS 4230 +  
pembrolizumab in patients with platinum-resistant epithelial 
ovarian cancer.

5.4. IL-2-HLA complex fusion protein: CUE-101

CUE-101 is an Fc fusion protein consisting of a human leuko
cyte antigen (HLA) complex with a human papilloma virus 
(HPV)16 E7 peptide epitope, an IL-2 variant with increased IL- 
2 Rβ bias, and a human IgG1 Fc fragment.123 CUE-101 was Ta
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shown to bind to HPV16 E711–20-specific CD8+ T cells selec
tively, activating and expanding them and demonstrating anti- 
tumor efficacy in mice.123 In a phase 1 trial (NCT03978689), 
CUE-101 monotherapy or CUE-101 + pembrolizumab therapy 
was administered to HPV16+ HNSCC patients. Treatment was 
well tolerated, with 1/19 PR in the monotherapy and 1/19 CR 
and 8/19 PR in the combination therapy cohort among evalu
able patients.124 A phase 2 trial (NCT04852328) is currently 
recruiting patients.

5.5. Bispecific immune molecules:GI-101, eciskafusp alfa, 
simlukafusp alfa, and IBI363

Bispecific immune molecules feature two binding domains that 
simultaneously target different epitopes or antigens. Bispecific 
immune molecules of IL-2 bind to not only IL-2 R but also 
immune checkpoints or specific antigens within the TME, 
potentially enhancing drug delivery to tumors and producing 
additive or synergistic effects. GI-101 is a bispecific CD80- 
IgG4Fc-IL-2 which is composed of CD80 and an IL-2 variant 
with a half-life of 7.5~10.1 hours. The CD80 moiety sequesters 
CTLA-4 and PD-L1 to enhance the costimulation through the 
endogenous CD28 ligands, CD80 and CD86. GI-101 also con
tains an IL-2 Rβ-biased IL-2 that stimulates cytotoxic T and 
NK cells without increasing Tregs. In phase 1/2 trial, GI-101 
was well tolerated though it demonstrated negligible anti- 
tumor responses were observed in patients receiving mono
therapy or in combination with pembrolizumab 
(NCT04977453).125

Eciskafusp alfa is a PD-1-targeted IL-2 variant antibody 
complex (PD1-IL2v) comprising an anti-PD-1 antibody fused 
to an IL-2 variant that does not bind to IL-2 Rα. Eciskafusp alfa 
treatment results in durable expansion of CD8+ T cells, T cell 
stemness, tumor-specific memory immune response, and NK 
cell activation without increasing Tregs.126 It also facilitates the 
differentiation of stem-like CD8+ T cells into more potent 
effectors.127 A phase 1 clinical trial (NCT04303858) is currently 
underway to evaluate the safety and efficacy of eciskafusp alfa 
monotherapy or in combination with anti-PD-L1 (atezolizu
mab) in patients with advanced solid tumors.

Simlukafusp alfa (fibroblast activation protein-α (FAP)- 
IL2v) is an IL-2 variant with abolished IL-2 Rα binding that is 
fused to the 4B9 antibody targeting FAP. FAP is overex
pressed in cancer-associated fibroblasts (CAFs). Simlukafusp 
alfa is thought to selectively produce anti-tumor reactions 
within the TME.128 In a phase 2 trial (NCT03386721), the 
ORR was 20.6% (2.9% CR and 17.6% PR) in patients with 
esophageal squamous cell carcinoma (SCC) treated with com
bination therapy of simlukafusp alfa and atezolizumab.129 

However, the clinical development of this agent has been 
discontinued.

IBI363 is a bispecific molecule composed of an anti-PD 
-1 antibody and a mutated form of IL-2 (capable of binding 
IL-2 Rα) to enable PD-1 blockade with simultaneous IL-2 
stimulation of CD8+ T cells and NK cells. Ongoing phase 1 
trials (NCT05290597, NCT05460767) are evaluating its 
safety and efficacy. In a cohort of 272 patients (77 
NSCLC, 67 melanoma, 79 CRC, and 49 other tumors) 
who had at least one post-baseline tumor assessment, the 

ORR was 17.6% in all patients, 17.8% in those with prior 
immunotherapy (n = 185), 22.1% in NSCLC (n = 77), and 
32.0% in melanoma (n = 67).130

5.6. IL-2/mAb complexes: ANV 419, SLC-3010, AU-007, 
Darleukin, and Daromun

ANV419 (NARA1leukin) is an antibody-cytokine fusion pro
tein in which an anti-IL-2 mAb is fused to IL-2 with a half-life 
of approximately 12 hours. NARA1 occupies the IL-2 Rα- 
binding epitope of IL-2, preventing its interaction with IL-2  
Rα.131 As a result, ANV419 specifically stimulates CD8+ T and 
NK cells while avoiding activation of Tregs. In a phase 1 trial, 
ANV419 had an acceptable safety profile and 1/40 (2.5%) 
patients achieving PR.132 A phase 1/2 (NCT05578872) study 
of ANV419 alone or in combination with pembrolizumab or 
ipilimumab is in progress.

SLC-3010 is a noncovalent conjugate of IL-2 and TCB2 
(anti-IL-2 antibody). TCB2 binds to the IL-2 Rα binding 
site of IL-2, allowing SLC-3010 to predominantly stimulate 
IL-2 Rβγc. A phase 1/2 trial is currently investigating SLC- 
3010 as a monotherapy or in combination therapy with 
gemcitabine is ongoing (NCT05525247). In MC38 tumor- 
bearing mice, SLC-3010 elevated the presence of CD8+ 

TILs and upregulated the percentage of p15E-specific 
CD8+ T cells which bind to the MC38 epitope peptide.133 

The combination of rhIL-7-hyFc (efineptakin alfa; NT-I7) 
which consists of two IL-7 molecules fused to IgD/IgG4 
elements and SCL-3010 was administered in mice. The 
former is thought to increase the number of early 
exhausted CD8+ T cells, and the latter promotes their 
differentiation into terminally exhausted T cells in 
mice.133 This combination therapy may foster immune- 
stimulatory TME and enhance the antitumor response of 
ICBs.

AU-007 is a human IgG1 mAb that binds to the IL-2 Rα 
interacting domain of IL-2. AU-007 has a long half-life (over 
15 days). By inhibiting the interaction of IL-2 to IL-2 Rα, AU- 
007 promotes selective binding of IL-2 to IL-2 Rβγc, which 
preferentially activates cytotoxic CD8+ T cells and NK cells. 
In an ongoing phase 1/2 trial (NCT05267626), combination 
therapy of AU-007 and subcutaneously administered low-dose 
aldesleukin is being evaluated. Across 53 patients enrolled with 
a variety of solid tumors, a PR was observed in a patient with 
nasopharyngeal carcinoma.134

Darleukin (L19-IL-2) (half-life: 2–3 hours) is a fusion pro
tein of IL-2 molecules combined with L19, which is an anti- 
extra domain B (ED-B) antibody that binds to ED-B. 
Extracellular matrix protein fibronectin contains ED-B which 
is overexpressed in vascular endothelial cells within the 
TME.135,136 This targeting enhances the delivery of darleukin 
to the tumor site. Daromun is a combination of darleukin with 
L19-tumor necrosis factor (TNF)α. A phase 3 trial of neoadju
vant intralesional daromun vs. immediate surgery 
(NCT02938299) revealed a 21% pathological CR rate after 
neoadjuvant therapy, with a recurrence-free survival (RFS) of 
16.7 months in patients treated with daromun vs. 6.9 months 
in the control arm.137
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5.7. Tumor-activated IL-2 molecules: XTX-202 and 
WTX-124

Tumor-activated IL-2 molecules are engineered with an 
inactive domain that prevents payload release in normal 
tissues. Instead, these molecules are activated by proteases 
present in the TME, facilitating the stimulation of local 
anti-tumor immunity. XTX-202 is an IL-2 Rβ-biased IL-2 
which has a masking domain to prevent IL-2 activity in 
non-tumor regions along with a half-life extension domain. 
The masking domain is cleaved by matrix metalloproteases 
(MMP) in the TME, leading to the release of the IL-2 R 
agonist. A phase 1/2 trial (NCT05052268) is currently 
underway.138 The phase 2 trial included RCC and mela
noma patients. The trial evaluated two doses, 1.4 mg/kg 
and 4 mg/kg, with disease control rate (DCR) of 62% and 
80%, respectively.

WTX-124 is an inactive IL-2 prodrug designed to be acti
vated within the TME. WTX-124 has an inactivation domain 
and half-life extension domain which are combined with IL-2 
using tumor protease-sensitive linkers and has a half-life of 
1.9–5.8 days. The linkers are cleaved by tumor proteases, allow
ing for the release of IL-2 within the TME.139 A multicenter 
phase 1/1b dose escalation study of WTX-124 as 
a monotherapy and in combination with pembrolizumab 
(NCT05479812) is in progress.140 Thus far, one patient 
achieved CR (cutaneous squamous cell cancer), two patients 
achieved PR (melanoma and gastroesophageal junction can
cer), and the ORR was 3/35 (8.6%) in WTX-124 
monotherapy.141

5.8. Lipid nanoparticle (LNP)-encapsulated mRNA 
encoding IL-2: BNT-151 and BNT-153

BNT151 is a LNP containing messenger RNA (mRNA) 
encoding a modified IL-2 that preferentially binds to the 
IL-2 Rβ. BNT151 can be taken up by cells, leading to IL-2 
production that enhances anti-tumor immunity. A phase 
1/2 clinical trial (NCT04455620) has been terminated, but 
clinical outcomes have not yet been reported. BNT153 has 
a messenger RNA (mRNA) encoding the native unbiased 
IL-2. A phase 1 trial of BNT152 (mRNA encoding IL-7) +  
BNT153 (NCT04710043) is currently recruiting patients.

Oncolytic virus: TILT-123
TILT-123 is an oncolytic adenovirus engineered to 

encode IL-2 and TNF-α. TILT-123 has an Ad3 knob and 
enters the tumor cell through desmoglein-2. Following 
intratumoral or intravenous injection, TILT-123 destroys 
cancer cells and infects adjacent cancer cells. Additionally, 
the presence of IL-2 and TNF-α enhance T cell infiltration 
and cytotoxicity. TUNIMO (NCT04695327) is a single-arm 
multicenter phase 1 dose-escalation trial to evaluate the 
safety and anti-tumor efficacy of TILT-123. Preliminary 
results indicate that TILT-123 was well tolerated, with 
clinical responses observed in 2/10 evaluable patients, and 
led to tumor reduction in both injected and non-injected 
lesions.142

5.9. Toxicity associated with next-generation IL-2 R 
agonists

HD IL-2 therapy can cause severe adverse events, promoting 
the development of next-generation IL-2 R agonists aimed at 
enhancing the effect of IL-2 while reducing toxicity. One of the 
most severe toxicities associated with HD IL-2 therapy is VLS. 
IL-2 stimulates IL-2 Rαβγc expressed on endothelial cells, 
which facilitates vascular permeability and induces VLS. IL-2  
R agonists which avoid binding to IL-2 Rα has been developed 
to mitigate the stimulation of not only Tregs but also endothe
lial cells. No signs of VLS were reported in THOR-707, XTX- 
202, MDNA11, AU-007, and ALKS 4230 which are IL-2 Rβ- 
biased IL-2.111,122,134,143,144 Additionally, although WTX-124 
includes unbiased IL-2 and STK-012 has IL-2 Rα-biased IL-2, 
no event of VLS was observed with these two agents.145,146 

These results suggest that factors other than IL-2 Rαβγc may 
contribute to the development of VLS. Hypotension is another 
concern associated with HD IL-2 therapy and requires man
agement with vasopressors and fluids. While hypotension was 
observed in 71% patients receiving HD IL-2,83 9.6%102 and 
4.4%146 patients had hypotension in NKTR-214 and STK- 
012, respectively. Interestingly, several next-generation IL-2 R 
agonists have demonstrated anti-tumor activity in patients 
with advanced cancer, with an ORR of 13.0–18.2% and 29% 
in ALKS 4230 and MDNA11 monotherapy, respectively, and 
have significantly less toxicity compared to HD IL-2. Taken 
together, these results suggest that the treatment response to 
next-generation IL-2 R agonists may not correlate with toxicity 
and IL-2 R agonists may be engineered to cause tumor regres
sion without significant side effects.

6. Conclusion

Unlike cytotoxic therapy, ICBs and HD IL-2 can induce dur
able responses in patients with advanced disease. Numerous 
next-generation IL-2 R agonists have been developed to 
improve anti-tumor efficacy while reducing the risk of severe 
adverse events typically associated with HD IL-2. Other novel 
approaches are also being explored including bacterial or viral 
vectors encoding IL-2 alone or in conjunction with other 
immune-modulating agents. Although many IL-2 Rβ-biased 
IL-2 therapies have demonstrated tumor regression and reduc
tion of adverse events, whether they will be as potent or induce 
long-term durable responses as observed with HD IL-2 
remains to be determined. Indeed, given that the IL-2 Rα is 
upregulated on tumor-reactive tumor-infiltrating lymphocytes, 
IL-2 R agonists that can engage the IL-2 Rα may more selec
tively stimulate tumor-reactive T cells, thus potentially leading 
to enhanced antitumor activity.147–149 ACT, including TIL 
therapy, is now approved for the treatment of malignant 
tumors, with IL-2 playing a critical role in supporting T cell 
expansion, survival, and trafficking to the TME, which means 
that IL-2 R agonists could become an important component of 
cell therapies. Additionally, there is a need to develop novel IL- 
2 therapies with minimal side effects that also enhance the 
expansion and effector function of tumor-reactive T cells. 
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Elucidating the mechanisms by which IL-2 R agonists enhance 
anti-tumor immunity could facilitate the development of more 
effective IL-2-based therapies for patients.
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