
INTRODUCTION

Cytokines are small proteins, typically ranging from 5 to 25 
kDa in size, primarily produced by immune cells in response 
to infection, inflammation, injury, or various stimuli (Saenz et 
al., 2008) They are also produced by a variety of other cells, 
including fibroblasts, epithelial cells, endothelial cells, and 
stromal cells (Goldstein and Laszlo, 1988; Dranoff, 2004). 
Cytokines mediate cell-cell communication and play a crucial 
role in promoting immunity, as well as in promoting or inhib-
iting cell differentiation and proliferation (Floros and Tarhini, 
2015). They also have an important role within the tumor mi-
croenvironment (TME), where they coordinate immune and 
inflammatory responses. Due to their regulatory effects on 
the immune system and their impact on tumor progression in 
the TME, certain cytokines have been recognized as poten-
tial cancer immunotherapies. They achieve this by modulating 
the host immune response toward cancer cells and by directly 
exhibiting anti-cancer activities, such as anti-proliferation and 
induction of apoptosis. In fact, cytokines have a long history 
as anti-cancer drugs, dating back to the 1970s, with interfer-
on (IFN)-alpha and interleukin (IL)-2 being the first cytokines 
used for cancer therapy (Fyfe et al., 1995; Isaacs and Linden-

mann, 1988).
Since then, numerous preclinical experiments and studies 

have confirmed the anti-cancer activity of cytokines. Several 
cytokines, including granulocyte-macrophage colony-stimu-
lating factor (GM-CSF), IFN-gamma (IFN), IL-7, IL-12, and 
IL-21, are undergoing clinical trials (Sim and Radvanyi, 2014; 
Floros and Tarhini, 2015; Waldmann, 2018). However, despite 
receiving FDA approval as a cancer immunotherapy and sub-
sequent research findings, cytokine-based immunotherapy is 
not as widely utilized in clinical settings as immune checkpoint 
inhibitors, which have been extensively researched and de-
veloped in the meantime. Many hurdles for the clinical use 
of anti-cancer cytokine therapy still need to be overcome in 
terms of side effects versus effectiveness. Despite these chal-
lenges, research on many immune anti-cancer cytokines con-
tinues, and development is in progress. The purpose of this 
article is to review current development trends in cytokines for 
anticancer immunotherapy by examining clinical trials of anti-
cancer cytokines registered on the ClinicalTrials.gov website. 
Through this analysis, we aim to evaluate the opportunities 
and challenges in the cytokine-based anticancer immuno-
therapy market for practical clinical applications. Additionally, 
we discuss the direction for the development of cytokines for 
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Cytokines influence the overall cancer immune cycle by triggering tumor antigen expression, antigen presenting, immune cell 
priming and activation, effector immune cell recruitment and infiltration to cancer, and cancer killing in the tumor microenvironment 
(TME). Therefore, cytokines have been considered potential anti-cancer immunotherapy, and cytokine-based anti-cancer thera-
pies continue to be an active area of research and development in the field of cancer immunotherapy, with ongoing clinical trials 
exploring new strategies to improve efficacy and safety. In this review, we examine past and present clinical developments for 
major anticancer cytokines, including interleukins (IL-2, IL-15, IL-12, IL-21), interferons, TGF-beta, and GM-CSF. We identify the 
current status and changes in the technology platform being applied to cytokine-based immune anti-cancer therapeutics. Through 
this, we discuss the opportunities and challenges of cytokine-based immune anti-cancer treatments in the current immunotherapy 
market and suggest development directions to enhance the clinical use of cytokines as immuno-anticancer drugs in the future.
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anticancer immunotherapy.

THE CURRENT DEVELOPMENT TRENDS OF 
CYTOKINES FOR ANTICANCER IMMUNOTHERAPY 

We have analyzed the current clinical trial status of 10 cy-
tokine therapies, including ILs (IL-2, IL-15, IL-12, IL-21), IFNs 
(alpha, beta, gamma, lambda), TGF-beta, and GM-CSF, by ex-
amining the ongoing clinical trials of each cytokine registered 
on the ClinicalTrials.gov website as of June 08, 2023. The ex-
tracted cytokines are categorized as either cancer-related or 
non-cancer-related based on the clinical trial indications (Fig. 
1A). The most active clinical trials have been conducted on 
interferon, followed by IL-2, GM-CSF, TGF-beta, IL-12, and IL-
15. Among these, clinical trials targeting cancer appeared in 
the following order: IL-2, GM-CSF, IFNs, IL-12, TGF-beta, and 
IL-15. Except for IL-21, clinical trials for each cytokine mainly 
focused on the development of anticancer drugs, accounting 
for more than 60% of indications. IL-21 is being developed as 
cancer therapies in clinical trials at rates of 45%. The most 
active development among anti-cancer cytokines is being car-
ried out for IL-2, GM-CSF, and IFNs in that order, with 568, 
546, and 392 clinical trials of anti-cancer cytokines conducted, 
respectively. Even though the first anti-cancer cytokine was 
developed up to the 1970s, the substantial development of 
anti-cancer cytokines was focused on cytokines such as IL-2, 
GM-CSF, and IFNs until before the year 2000, in conjunction 
with the interest in cancer immunotherapy. With the increas-
ing interest in immunotherapies for cancer, it can be observed 
that active research on cytokines like IL-12 and IL-15 also be-
gan after 2015 (Supplementary Fig. 1). The development of 
interferon as an anticancer cytokine appears to have gradu-
ally decreased since the period 2000–2004, and similarly, the 
development of GM-CSF has also tended to decrease since 
2015–2019. Although the absolute number of clinical trials is 
still small, the development of IL-2, IL-15, and TGF-beta shows 
a continuous increasing trend during the period 2010–2014.

Anticancer cytokines were primarily developed for indica-
tions such as hematological cancer, pan-oncology, melanoma, 
renal cell carcinoma, neuroblastoma/glioblastoma, and breast 
cancer (Fig. 1B). While certain cytokines, like interferons, ex-
hibit direct anticancer effects through anti-proliferative actions, 
the majority of anticancer cytokines do not specifically target 
cancer cells. Instead, they act on the broader tumor micro-
environment and are consequently developed for pan-tumor 
indications. Due to their low direct cytotoxicity against cancer 
cells, most clinical trials actively use cytokines in combina-
tion with other treatments rather than alone (Fig. 1C). It was 
confirmed that the goal of these clinical trials is to maximize 
the treatment effect by combining cytokines with existing treat-
ments rather than using them as a single agent. Additionally, 
cytokines are primarily being developed as therapeutic agents 
that provide anticancer effects through agonists other than 
TGF-beta in the tumor microenvironment (Fig. 1D).

INTERLEUKIN2 IL2

IL-2 is a currently leading cytokine for development of anti-
cancer immunotherapy. IL-2 is a 15.5 kDa small glycosylated 
protein with four bundle -helical structure, which is mainly 

produced by antigen-activated CD4 + and CD8+ T help cells, 
although, naïve T cells, NK cells and dendritic cells also can 
produce (Ruscetti, 1984). Secreted IL-2 binds to the alloste-
ric receptor complex with the three distinct subunits, IL-2R 
 (CD25), IL-2R  (CD122), and common- chain (CD132) 
which mainly express on activated T-lymphocytes, regulatory 
T cells, mature DCs and B cell (Cheng et al., 2002; Wang et 
al., 2009; Skrombolas and Frelinger, 2014). The effect of IL-2 
is dependent on IL-2 level in which low level IL2 primarily pro-
mote the differentiation of CD4+T cell into follicular helper or 
central memory T cells. Especially IL-2 plays a critical role in 
differentiation, expansion and activation of effector CD8+ T 
cell and NK cell in tumor microenvironment, resulting in anti-
cancerous effect. IL-2 was approved by the FDA in 1992 for 
the treatment of metastatic renal cell carcinoma and after that 
for metastatic melanoma in 1998. Since then, IL-2 has been 
continuously developed as an immune-anticancer cytokine for 
various cancer types (Fig. 2A, 2B). 

Until 2000, more than 90% were developed in the form of 
natural IL-2, but since 2000s, development in the form of fu-
sion protein or immunocytokine has been steadily progress-
ing (Fig. 2C, 2D). In this review, the immunocytokine, a fusion 
protein combining a cancer-targeting antibody or fragment 
antibody with a cytokine, was classified separately from other 
fusion proteins due to the identification of various types of im-
munocytokines. Fusion protein or Immunocytokine platforms 
provide a good strategy for elongating half-life and minimizing 
toxicity through targeted approaches against cancer. Overall, 
since the 2020s, the development of natural or mutein forms 
of IL-2 has tended to noticeably decrease, while the applica-
tion of various technologies is gradually increasing in IL-2. The 
development of mutein forms with altered IL-2 sequences has 
been actively progressing before 2020. To maximize the ac-
tivity of IL-2, IL-2 mutants primarily modulate affinity with the 
IL-2R  and  receptors higher, while showing lower affinity 
with IL-2R. It appears that technology is being developed to 
continuously improve drug efficacy by combining IL-2 muteins 
with fusion proteins or immunocytokine forms. Additionally, the 
development of drugs in the form of pegylation, the advance-
ment of prodrug technology through this pegylation, and the 
integration of technologies with cell and gene treatments, rep-
resenting cutting-edge biopharmaceuticals, indicate a trend 
toward a significant increase in the proportion of overall IL-2 
clinical trials after 2020.

INTERLEUKIN12 IL12 

IL-12 is a 75 kDa cytokine consisting of two subunits, p40 
and p35 (Kobayashi et al., 1989). It is thought to exhibit anti-
cancer activity mainly by inducing the proliferation of NK cells 
and cytotoxic CD8+ T cells. However, IL-12 has limitations 
in clinical use because existing research results show a sys-
temic inflammatory response and sometimes severe myelo-
toxicity and hepatotoxicity (Jenks, 1996). Among anti-cancer 
cytokines, IL-12 was not actively developed until 2010, but 
its development as an anticancer cytokine rapidly increased 
since then (Fig. 3A). In particular, it is noteworthy that more 
than half of the drugs are being developed mainly in the form 
of gene therapy since 2010 (Fig. 3B, 3C). Although IL-2 has 
experimentally demonstrated anti-cancer effects, its systemic 
administration through a recombinant protein in clinical trials 
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yielded minimal efficacy at acceptable doses, accompanied 
by relatively high toxicity. Consequently, to address this issue, 
there is a belief that active efforts are underway to develop 
drug forms through gene therapy, aiming to deliver IL-12 local-
ized to the tumor microenvironment to minimize systemic ex-

posure. The introduction of these new technologies has led to 
a steady increase in the number of IL-12s entering clinical tri-
als since 2005. With the localized delivery technology targeted 
at the tumor microenvironment, IL-12 seems to be developed 
with a greater emphasis on solid cancers rather than blood 

Fig. 1. Trends in Clinical Trials for Cytokines. (A) Number of clinical trials on major cytokines conducted or in progress. (B) Indications for 
anti-cancer cytokines. (C) Therapeutic strategy: combination or alone. (D) Mechanisms of action: agonist or antagonist.
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cancers when compared to other cytokines (Fig. 3D). 

INTERLEUKIN15 IL15

IL-15 is one of the most promising potent anticancer cyto-
kines. IL-15 is a 14~15kDa cytokine that plays a critical role in 

both innate and adaptive immune response. It can be stimu-
late the activity of immune cells. Like IL-2, IL-15 has a four 
alpha helix and shared the IL-2 receptor subunites, IL-2R  
(CD122), and common- chain (CD132) with IL-2 (Budagian et 
al., 2006). Thus, the function of IL-15 present quite similar with 
IL-2 on lymphocytes and NK cells. Moreover, IL-15 consid-
ered more potent than IL-2 because of no effect on regulator 

Biomol  Ther 32(1), 13-24 (2024) 

Fig. 2. IL-2 Clinical Trials Development Trends. (A) Start and completion period of IL-2 clinical trials. (B) Cancer indications for IL-2 clinical 
trials. (C) Drug features for IL-2 clinical trials. (D) IL-2 development platform technology over time.
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T cell while IL-2 promotes the development and maintenance 
of CD25+ Foxp3 T regulatory cells (Waldmann, 2004). One of 
the key downstream targets of the JAK/STAT pathway acti-
vated by IL-15 is natural killer (NK) cells (Mishra et al., 2014). 
IL-15 can enhance the proliferation and cytotoxicity of NK cells 
by upregulating the expression of molecules such as perfo-
rin and granzyme B, which can induce apoptosis in cancer 
cells. IL-15 can also activate other immune cells such as cy-
totoxic CD8+ and memory T cells and dendritic cells, which 

can contribute to the anti-tumor response. Like IL-12, IL-15 
has been actively developed since 2010 and is being applied 
to hematological cancers and various solid tumors (Fig. 4A, 
4B). Various technology platforms have been employed for 
the development of the anti-cancer cytokine IL-15 since 2010, 
with a relative decrease in the development of natural IL-15. 
Specifically, the primary forms of development actively involve 
creating fusion proteins that combine IL-15 mutein and Fc, as 
well as gene cell therapy that induces the expression of IL-15 

Fig. 3. IL-12 Clinical Trials Development Trends. (A) Start and completion period of IL-12 clinical trials. (B) Cancer indications for IL-12 clini-
cal trials. (C) Drug features for IL-12 clinical trials. (D) IL-12 development platform technology over time.
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in CAR-NK cells (Fig. 4C, 4D).

INTERLEUKIN21 IL21 

IL-21 is a cytokine which also share a common gamma re-
ceptor with IL-2 and IL-15 (Spolski and Leonard, 2008; Son-

dergaard and Skak, 2009). IL-21 promote B cell differentia-
tion into plasma cells, regulates immunoglobulin production, 
controls the proliferation and/or effector function of both CD4+ 
and CD8+ T cells and limits the differentiation of Tregs (Jauch 
et al., 2011; Stolfi et al., 2011). It has gained considerable at-
tention as a potential anti-cancer immunotherapy due to its 
ability to stimulate the immune system and enhance anti-tu-
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Fig. 4. IL-15 Clinical Trials Development Trends. (A) Start and completion period of IL-15 clinical trials. (B) Cancer indications for IL-15 clini-
cal trials. (C) Drug features for IL-15 clinical trials. (D) IL-15 development platform technology over time.
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mor responses. The clinical development of IL-21 as an anti-
tumor drug is not progressing as actively as compared to other 
cytokines. In the case of IL21, clinical development began in 
2004, and as of July 2023, as with other anti-tumor cytokines, 
a total of 14 clinical trials were conducted with the main indica-
tions being hematological cancer, pan-tumor, melanoma, and 
renal cell carcinoma (Fig. 5A, 5B). Of these, 11 cases used 
the natural form of IL21, and in 3 cases, IL-21 in the form of a 
fusion protein with albumin is being developed (Fig. 5C).

INTERFERONS IFNS

IFNs are cytokines with a long history as an anticancer 
agent. They are largely divided into three types: Type I, which 
includes IFN-, IFN-, IFN-ω, and IFN-τ; Type II, which in-
cludes IFN-gamma; and the most recently recognized Type III, 
which includes IFN- (Katze et al., 2002). IFN-alpha was the 
first approved anticancer cytokine by the US Food and Drug 
Administration (FDA) in 1986 for the treatment of hairy cell 

leukemia. Since then, IFN-alpha has been applied in patients 
with chronic myeloid leukemia and several solid tumors, such 
as melanoma and renal cancer, as well as hairy cell leukemia. 
We found that IFN has been the third most actively clinically 
tested following IL-2 and GM-CSF (Fig. 1A). However, since 
the early 2000s, clinical trials for interferon for cancer indica-
tions have continued to decline significantly compared to other 
cytokines (Fig. 6A). Cancer indications did not show much dif-
ference from other cytokines, mainly involving hematological 
cancer, pan-oncology, melanoma, and renal cell carcinoma 
(Fig. 6B). Although the application of cell therapy or gene ther-
apy technology was confirmed in about 19 clinical trial cases, 
almost all other clinical trials have been developed in the form 
of natural cytokines. Next to natural forms of interferon, pe-
gylation on IFN was a platform technology mainly applied to 
increase the half-life of interferon and improve efficacy in clini-
cal trials. Among the IFNs, IFN-alpha was mainly used in an-
ticancer clinical trials (n=349), and natural interferon-gamma 
also was being developed as an anticancer cytokine (n=25) 
(Fig. 6C, 6D). Interferon-gamma belongs to Type II IFNs and 

Fig. 5. IL-21 Clinical Trials Development Trends. (A) Start and completion period of IL-21 clinical trials. (B) Cancer indication for IL-21 clini-
cal trials. (C) Drug feature for IL-21 clinical trials.
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activates the JAK/STAT signaling pathway in a manner similar 
to Type I interferons, inhibiting cell proliferation and inducing 
apoptosis (programmed cell death) and cell cycle arrest in 
cancer cells. IFN-beta is being developed as an anticancer 
cytokine (n=14), and the application of gene cell therapy tech-
nology (n=10) was relatively high in IFN-beta anticancer clini-

cal trials. The remaining four cases of the IFN-beta anticancer 
clinical trials were developed as the natural form of IFN-beta.

Biomol  Ther 32(1), 13-24 (2024) 

Fig. 6. IFNs Clinical Trials Development Trends. (A) Start and completion period of IFNs clinical trials. (B) Cancer indications for IFNs clini-
cal trials. (C) Drug features for IFNs clinical trials. (D) Development platform technology by type of IFNs.
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TRANSFORMING GROWTH FACTORBETA 
TGFBETA

TGF-beta is secreted by numerous cancer cells and plays 
a crucial role in cancer progression by participating in can-
cer proliferation and tumor microenvironment (TME) immunity 
(MaruYama et al., 2022). Consequently, TGF induces prop-
erties of cancer cell invasiveness, metastatic stem cells, and 
treatment resistance. Specifically, TGF-beta contributes to 
the generation of regulatory T cells in the TME, which pro-
mote anti-tumor immunosuppression. Therefore, inhibiting 
TGF signaling is considered essential and a key method to 
enhance the efficacy of current and future immunotherapies. 
Consequently, for its anticancer efficacy, TGF-beta stands out 
as the only anticancer cytokine being developed as an an-
tagonist among the cytokines covered in this review (Fig. 1D). 
TGF-beta has been actively undergoing clinical trials since 
2015, primarily for pan-tumor indications (Fig. 7A, 7B). Over 
66% of these trials focus on the development of anti-TGF-beta 
antibodies and immunocytokines (Fig. 7C). Notably, clinical tri-
als utilizing chemical agents to inhibit the activity of TGF-beta 
receptor kinase account for 23% of TGF-beta-related cancer 

tumor cytokine trials.

GRANULOCYTEMACROPHAGE 
COLONYSTIMULATING FACTOR GM CSF

GM-CSF is a cytokine that drives the generation of myeloid 
cell subsets including neutrophil, monocyte, macrophage, and 
dendritic cells in tumor microenvironments. Clinical trials for 
GM-CSF tended to increase steadily until 2010 but have de-
creased noticeably since then (Fig. 8A). The anti-tumor indi-
cations did not differ significantly from other cytokine clinical 
trials (Fig. 8B). As an anti-tumor cytokine, approximately 80% 
of clinical trials related to GM-CSF have been developed us-
ing natural cytokines, while the remaining 20% have been for-
mulated as cell gene therapeutics (Fig. 8C). In particular, 222 
out of the 546 GM-CSF clinical trials have used GM-CSF to 
enhance cancer immunity or activate vaccination.

Fig. 7. TGF-beta Clinical Trials Development Trends. (A) Start and completion period of TGF-beta clinical trials. (B) Cancer indications for 
TGF-beta clinical trials. (C) Drug features for TGF-beta clinical trials.
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CHALLENGES AND OPPORTUNITIES OF CYTOKINE 
AS ANTICANCER THERAPY

Cancer immunotherapy, centered on immune check point 
inhibitors (ICI), is a significant achievement in the field of can-
cer treatment because it can achieve successful effects by tar-
geting the tumor microenvironment beyond drug therapy that 
directly targets cancer (Bernard-Tessier et al., 2018; Antonia 
et al., 2019; Fradet et al., 2019; Saka et al., 2021). However, 
contrary to expectations, it is not showing a wide range of 
general-purpose anticancer effects. Even in advanced carci-
noma, the ICI response rate of antitumor response is as low 
as 20-30% of treated patients (Armand et al., 2018). Currently, 
the development of cancer immunotherapeutics that are ap-
plicable to more patients and various types is becoming an 
important topic in the cancer treatment market. In that respect, 
it is thought that cytokine- anti-cancer therapy, which can ex-
hibit various effects on TME, can be a solution. 

However, cytokine anti-cancer therapy could encounter 
challenges in clinical application. One primary factor restrict-
ing the clinical use of cytokine therapy is the complexity of 
the immune response to cytokines. The mechanisms of action 
and interactions of cytokines are not fully understood. Cyto-
kine networks can display high redundancy, wherein multiple 
cytokines often activate the same downstream pathways. 
Additionally, cytokines can exert pleiotropic effects, simulta-
neously regulating multiple cellular functions in the tumor mi-
croenvironment (TME), making their actions highly complex. 
Even the same cytokine can demonstrate proliferative or anti-
proliferative effects depending on its interactions within its sur-
roundings. While this complexity enables fine-tuned control of 
immune responses, it can result in insufficient effects due to 
compensatory mechanisms within tumor microenvironments. 
The systemic toxicity, such as vascular leakage syndrome, 
central nervous system toxicity, and cardiotoxicity, also poses 
problems and limits the use of adequate doses in clinical ap-
plications. Furthermore, the short half-life in the body not only 
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Fig. 8. GM-CSF Clinical Trials Development Trends. (A) Start and completion period of GM-CSF clinical trials. (B) Cancer indications for 
GM-CSF clinical trials. (C) Drug features for GM-CSF clinical trials.
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diminishes drug efficacy but also reduces patient compliance 
with frequent dosing.

Despite these limitations, anticancer cytokine treatments 
are emerging as a new frontier in anticancer immunotherapy. 
Various technology platforms are being employed to address 
issues associated with anti-cancer cytokines treatments. 
Going beyond genetic recombination technology such as 
immune-cytokine and fusion protein, the incorporation of cell 
gene therapy technology, classified as an advanced biophar-
maceutical, is anticipated to play a crucial role in minimizing 
the side effects of anticancer cytokines and enhancing their 
activity. Specifically, the treatment’s effectiveness is maxi-
mized when combined with existing therapies. Cytokine-based 
therapies have been combined with other treatments such as 
chemo-therapy, radiation therapy, targeted therapies and re-
cently immune checkpoint inhibitors to improve their efficacy. 

CONCLUSION

Cytokine-based immuno-anticancer therapy has been rec-
ognized as a promising approach for anti-cancer treatment. It 
targets the tumor microenvironment through various means, 
including the regulation of the host immune response and acti-
vation of the immune system. Sometimes, it can directly target 
the cancers (Larkin et al., 2019). However, several limitations 
persist in terms of drug efficacy and toxicity during clinical use. 
To address these challenges, clinical trials for anti-cancer cy-
tokines have explored combination treatment strategies with 
various approaches. Additionally, through the integration of 
diverse technologies, such as the development of immunocy-
tokines or fusion proteins, pegylation, prodrug design, and cell 
gene therapy technology, the anticancer efficacy of cytokines 
is increased, and side effects are minimized. These innovative 
approaches in cytokine anti-cancer immunotherapy hold the 
potential to successfully treat various blood cancers and solid 
tumors.
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