
Vol.:(0123456789)

 Discover Oncology          (2024) 15:170  | https://doi.org/10.1007/s12672-024-01011-2

Discover Oncology

Review

Interleukin‑12 in multimodal tumor therapies for induction 
of anti‑tumor immunity

Yulian Xu1 · Xueli Sun1 · Yunguang Tong1,2,3

Received: 10 January 2024 / Accepted: 3 May 2024

© The Author(s) 2024  OPEN

Abstract
Interleukin-12 (IL-12) can be used as an immunomodulator in cancer immunotherapy. And it has demonstrated enor-
mous potential in inhibiting tumor growth and improving the tumor microenvironment (TME) by several preclinical 
models. However, some disappointing results have showed in the early clinical trials when IL-12 used as a single agent 
for systemic cancer therapy. Combination therapy is an effective way to significantly fulfill the great potential of IL-12 as 
an immunomodulator. Here, we discuss the effects of IL-12 combined with traditional methods (chemotherapy, radio-
therapy and surgery), targeted therapy or immunotherapy in the preclinical and clinical studies. Moreover, we sum-
marized the potential mechanism underlying the anti-tumor effect of IL-12 in the combination strategies. And we also 
discussed the delivery methods and tumor-targeted modification of IL-12 and outlines future prospects for IL-12 as an 
immunomodulator.
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1 Introduction

According to data from the International Agency for Research on Cancer, cancer was responsible for 9.74 million deaths 
[1], making it the second leading cause of death worldwide after cardiovascular disease [2, 3]. Because of the complexity 
and difficulty of cancer treatment, researchers have proposed immunotherapy as an alternative to traditional methods 
such as surgery and chemo-radiotherapy. Immunotherapy can kill cancer cells and tumor tissue by artificially activat-
ing the immune system and harnessing its autoimmune function [4]. The development of immunotherapy represents 
a major milestone in cancer treatment [5]. In order for the immune system to effectively kill cancer cells, a continuous 
series of events must be initiated, perpetuated, and expanded, which was called the cancer immunity cycle [6]. Many 
cytokines involved play important roles in this cycle. Thus, researchers have investigated the influence of single factors 
on the overall tumor immune response, laying the foundation for subsequent studies. Such as interleukin-2 (IL-2), one of 
the prototypical examples of successful cytokine-based immunotherapy for cancers, has been studied for over 47 years. 
IL-2 is used to stimulate T cell production for enhancing anti-cancer immunity. It is approved for treatment of advanced 
melanoma [7, 8] and metastatic renal cancer [9, 10]. Interferon-alfa (IFN-α) is approved for the treatment of melanoma 
[11] and hairy cell leukemia [12]. But the low response rates and toxicity limited the number of patients who can benefit 
from IL-2 or IFN-γ, so it is necessary to find more effective cytokines that can effectively assist conventional treatments. 
Interleukin-12 (IL-12), a cytokine which has been studied as an immunomodulator frequently in recent years, showed 
an outstanding anti-tumor effect in preclinical studies.

In this review, we discuss the role of IL-12 as an immunomodulator in promoting anti-tumor effect briefly and the 
application of IL-12 in combination with other therapies in the preclinical and clinical studies.

1.1  Biological activity of IL‑12

IL-12, a member of heterodimeric cytokines family, was first discovered and characterized in 1989 by two independent 
groups [13, 14]. IL-12 is a heterodimeric molecule composed of an α-chain (p35 subunit) and a β-chain (p40 subunit) 
linked by a disulfide bridge to form the biologically active 74 kDa heterodimer [15]. The IL-12 signaling pathway was 
activated by the binding of IL-12 and its receptor (IL-12R), which triggers the production of IFN-γ by tyrosine kinase 2 
(Tyk2), Janus kinase 2 (JAK2), and signal transducer and activator of transcription 4 (STAT4) [16, 17].

IL-12, mainly produced by dendritic cells, monocytes, macrophages and B cells, can activate many subsets of immune 
cells which can recognize and destroy cancer cells, and stimulate immunity during the cancer immunity cycle. The anti-
tumor activity of IL-12 is reflected in its ability to induce effector cells, including NK, NKT and T cells, to produce IFN-γ, 
TNF and other cytokines. The major downstream effector molecule of IL-12 is IFN-γ, which can prevent the proliferation 
and promote the apoptosis of tumor cells, inhibit angiogenesis, and stimulate the innate and adaptive immune systems. 
IFN-γ can also stimulate phagocytes and promote the maturation of DCs to produce IL-12 [18, 19]. Figure 1 provides a 
graphical summary of the functions of IL-12 and the cells it affects, mainly focusing on the downstream effects of IL-12 
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mediated by IFN-γ. IL-12 can enhance the cytotoxic effects mediated by NK cells and T cells, especially  CD8+ T cells, in 
the immunosuppressive microenvironment and participate in cell proliferation and  CD4+ Th1 cell adhesion. IL-12 is a 
promising candidate for the anti-tumor treatment due to the impressive immunomodulatory effects based on the pre-
clinical and clinical studies [20, 21].

1.2  The development of IL‑12 based therapies

Since IL-12 was first studied [22], there have been much research on the effect of IL-12 against a variety of transplantable 
mouse tumors (such as melanoma [23], colon tumors [24, 25], and mammary tumors [26, 27]). However, some side effects 
were observed in the preclinical studies. Such as hematologic toxicities including anemia, lymphopenia, neutropenia, 
muscle and hepatic toxicities [28]. Moreover, hypoproteinemia, hypophosphatemia, hypocalcemia, enlargement of lymph 
nodes, splenomegaly, and bone marrow hyperplasia were also observed in squirrel monkeys treat with recombinant 
human IL-12 [29]. These side effects may be provoked by IFN-γ and TNF-α production stimulated by IL-12.

As for the early clinical trials, in the mid-1990s showed that systemic administration of IL-12 caused dose-limiting 
toxicity. In a phase II trial, the maximum dose of 0.5 μg/kg/day resulted in serious side effects in 12 of 17 patients and 
death in 2 patients (40 patients) [30, 31]. But the dose of 0.5 μg/kg/day was the maximal tolerated dose determined in 
the phase I, the explanation for the different tolerability in phase I versus phase II trial was a change in the dosing sched-
ule. The serious incident resulted in the immediate halting of all trials with IL-12 by the FDA. And finally, after several 
months of suspension, clinical trials were resumed in several centers. Hematologic toxicity observed most commonly 
was neutropenia and thrombocytopenia, and hepatic dysfunction manifested in transient (dose-dependent) increase in 
transaminases, hyperbilirubinemia, and hypoalbuminemia [32–36]. Some patients experienced inflammation in mucus 
membranes (oral mucositis, stomatitis, or colitis) [34].

Current research on IL-12 is mainly focused on avoiding or minimizing these side effects to fully exploit the ability of 
IL-12 [37–39]. Combination therapy has been the mainstream trend against the cancer. It can enhance efficacy compared 
to the monotherapy because it targets key pathways in a characteristically synergistic or an additive manner. And it 
potentially reduces drug resistance as well as providing therapeutic anti-tumor benefits simultaneously. The combina-
tion trials of IL-12 and other treatments are underway, involving in the delivery methods and modification of IL-12, which 
significantly improves the TME and achieves better therapeutic effects. For example, by combining anti-programmed 
cell death 1 ligand 1 (PD-L1) with mRNA encoding IL-12, the mechanism underlying the anti-tumor activity of IL-12 
mRNA was confirmed [40]. The results demonstrate the potential for intratumorally delivered IL-12 mRNA to promote 
Th1 transformation of the TME and robust anti-tumor immunity. It also provides a new therapeutic approach for cancer 
treatment, and combining low-dose IL-12 with other cytokines and therapeutics can elicit a synergistic and recurrent 
anti-tumor immune response.

Fig. 1  Summary of the physi-
ological origin of IL-12 and its 
effects on downstream cells. 
The figure highlights that DCs, 
monocytes, macrophages 
and B cells will secrete IL-12 
by stimulation. The major 
sensing cells are T cells and NK 
cells, and the major down-
stream effector molecule is 
IFN-γ. PAMPs/DAMPs: path-
ogen-associated molecular 
patterns/damage-associated 
molecular patterns
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Here, we summarize how IL-12 has been used in combination with traditional methods (chemotherapy, radiotherapy 
and surgery), targeted therapy, and immunotherapy in preclinical studies and a small number of clinical trials. Finally, 
we discuss the current challenges related to the use of IL-12 and propose promising solutions.

2  IL‑12 therapy in combination with traditional methods

The traditional methods of cancer treatment mainly include chemotherapy, radiotherapy and surgery. But these conven-
tional treatments always accompanied by lots of critical side effects, so it’s necessary to find new and efficient therapies 
to avoid or alleviate side effects. Recently, the combination of traditional methods and IL-12 has attracted much interest, 
and there are some valuable results achieved in the exploration of combination therapy.

2.1  The combination of chemotherapy and IL‑12

Chemotherapy is one of the most common treatments used to inhibit tumor growth. Conventional chemotherapeutic 
drugs exert anti-tumor effects by inhibiting cancer cells via induction of cell cycle arrest and/or cellular apoptosis [41]. 
However, the patients treated chemotherapy often suffer serious side effects, such as vomiting, nausea, anemia, and 
fatigue [42], due to the toxic effects on normal cells. In addition, tumor cells often become resistant to chemotherapeutic 
drugs, which leads to tumor recurrence and further disease progression [43, 44]. The combination of IL-12 and chemo-
therapeutic drugs showed an outstanding anti-tumor effect as showed below.

The combination strategy involves IL-12 and paclitaxel (PTX)-coloaded nanoparticles containing 10 μg/kg IL-12 and 
4 mg/kg PTX (IL-12/PTX@TSNPpH) [45]. Compared with the saline group and the other single-agent groups, the tumor 
inhibition rate in the IL-12/PTX@TSNPpH group increased to 84.3%, and the number of metastatic nodules decreased on 
the surface of lung tissues (47 ± 4 in the saline group and 10 ± 2 in the IL-12/PTX@TSNPpH group). The combination therapy 
significantly repressed metastasis and prolonged the overall survival of mice without any significant toxic side effects. 
The combination of IL-12 and PTX induced the release of IFN-γ from T lymphocytes and NK cells, selectively inhibited 
regulatory T cells (Tregs), induced tumor-associated macrophage polarization toward the M1 type, and improved the 
immunosuppressive tumor microenvironment and killed tumor cells [45]. The combination of vincristine (VB) and IL-
12-expressing oncolytic herpes simplex virus vectors (NV1042) exhibited additive or synergistic effects on prostate cancer 
cell lines [46]. The combination of NV1042 and VB reduced tumor size significantly than the other treatments (NV1042/VB: 
487 ± 175  mm3; NV1042: 1087 ± 254  mm3; VB: 1623 ± 611  mm3). The potential mechanism of the combination may due 
to the significant reduction in the number of  CD31+ cells, and it may exert anti-tumor and antiangiogenic effects. And 
the combination of IL-12 and VB was nontoxic in prostate cancer models. The combination IL-12 and oxaliplatin (OXP) 
[47], which maintained continuous and low-level controlled expression of IL-12 with reduced toxicity, was developed as 
a potential strategy for liver metastases. The combination of IL-12 and OXP induced a more immunogenic phenotype of 
the TME, with an increased ratio of  CD8+ T-regulated cells and a decrease in the number of myeloid-derived suppressor 
cells, then prevented liver metastases of MC38Luc1 tumors.

In a phase I clinical trial [48], the IL-12 plasmid (phIL-12) formulated with the lipopolymer PEG-PEI-cholesterol (PPC), in 
combination with carboplatin/docetaxel were explored in women with platinum-sensitive ovarian cancer. Twelve patients 
were evaluable for response after the combination treatment among thirteen patients, with 17% complete response. 
The median progression-free survival and overall survival for all treatment groups were 8.8 months and 16.6 months 
respectively. The increased doses of phIL-12/PPC in conjunction with carboplatin and docetaxel were safe and well toler-
ated. This combination strategy offers a unique advantage over conventional cytotoxic therapies due to its safety when 
used long-term treatment.

In addition, there are also some ongoing trials about the combination of IL-12 and chemotherapeutic drugs for the 
treatment of cancer (Table 1). Such as rhIL-12/filgrastim/etoposide/ifosfamide and IL-12/carboplatin/paclitaxel. Although 
the preclinical findings above provided evidence for the efficacy of IL-12 combined with chemotherapy, there are few 
relatively reliable clinical results to confirm the clinical safety and efficacy of IL-12 combined with chemotherapeutic 
drugs in the treatment of cancer, so the further research is needed to confirm the credibility and feasibility of this com-
bination therapy.
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2.2  The combination of radiotherapy and IL‑12

The radiotherapy (RT) is a primary treatment method of localized tumors and regional lymph nodes in a curative 
setting [49]. RT can inhibit the growth and division of tumor cells and induce cell death through DNA damage. Even 
RT has been used in the treatment of many cancers widely, but it can lead to genetic mutations [50, 51], secondary 
malignancies [52, 53] and many other side effects [54]. Due to the abscopal effect induced by RT might be depend-
ent on the activation of immune system [49], the combination of IL-12 and RT has been proposed and practiced.

The combination of RT and IL-12 (RT/IL-12) [55], induced dramatic tumor regression in animals bearing large sub-
cutaneous or orthotopic HCC, as well as systemic effect against distant tumor, and prolonged survival significantly. 
RT/IL-12 group led to sustained tumor regression and suppression in most animals (CR in 4 of 10 mice), with the mean 
tumor volume being 20 ± 11  mm3 on day 35, which was dramatically smaller than that of either of the monotherapy 
group (IL-12 group: 415 ± 78  mm3; RT group: 375 ± 47  mm3; untreated group: 1598 ± 151  mm3). The combination of 
IL-12 microsphere (MS) and stereotactic body radiation therapy (SBRT), induced marked tumor reduction and cured 
in multiple preclinical mouse models of pancreatic ductal adenocarcinoma (PDA) [56]. IL-12 MS/SBRT group showed 
a robust anti-tumor effect in recalcitrant PDA tumors with the production of intratumoral IFN-γ and activation of 
 CD8+ T cell. Besides, it improved the immunosuppressive TME, reduced the densities of myeloid suppressor cells 
and eliminated established liver metastases. Moreover, in a treatment of murine sarcoma [57], IL-12 was regarded 
as a radiosensitizer with radiosensitizing effect, but the underlying mechanisms of radiosensitization remain to be 
elucidated. Besides, the combination therapy of IL12 and RT showed superior anti-tumor effect in the mice bearing 
LLC tumor models [58], the murine hepatic cancer (HCa-I) model [19] and murine prostate cancer model [59].

Currently, there are a few ongoing clinical trials (Table 1) in the National Clinical Trials Network about the com-
bination of IL-12 and RT, but most of them are on phase I, so there still is a long way to figure out the clinical effect.

Table 1  Clinical trials of IL-12 combined with chemotherapy, radiotherapy and targeted therapy

IL-12 Combination regimen Status Phase Condition CT number

IL12-FHAB Filgrastim, etoposide, ifosfamide Completed II •Lymphoma NCT00003575
GEN-1 Carboplatin, Paclitaxel Active, not recruiting I and II •Epithelial ovarian

•Fallopian Tube
NCT03393884

GEN-1 Standard Neoadjuvant
Chemotherapy

Completed I •Epithelial ovarian cancer
•Fallopian tube cancer

NCT02480374

GEN-1 Pegylated Liposomal
Doxorubicin Hydrochloride

Completed I •Ovarian clear cell •Cystadenocarcinoma NCT01489371

NHS-IL12 Bintrafusp Alfa,
Entinostat

Recruiting I and II •Oropharyngeal cancer
•Neck cancer
•Human Papillomavirus

NCT04708470

NHS-IL12 Bintrafusp Alfa, SBRT Recruiting I •Urothelial cancer
•Bladder cancer
•Genitourinary cancer

NCT04235777

M9241 SBRT Recruiting I •Cancer of prostate NCT05361798
PCX-12 SBRT Not yet recruiting I •Pancreatic

•Adenocarcinoma
NCT06217666

NHS-IL12 Bintrafusp Alfa, RT Withdrawn I •Hormone receptor positive breast 
•Adenocarcinoma

•Metastatic breast carcinoma

NCT04756505

NHS-IL12 CV301, MSB0011359C, N-803 Completed II •Small bowel cancers
•Colorectal cancers

NCT04491955

IL12-L19L19 Recruiting I •Advanced solid tumor
•Metastatic solid tumor

NCT04471987

NHS-IL12 Bintrafusp Alfa(M7824) Recruiting I and II •Kaposi sarcoma NCT04303117
IL-12 Rituximab Completed I •Lymphoma NCT00004260
rIL-12 ABI-007, carboplatin, trastuzumab Completed I •Bone metastases

•Gastrinoma
•Glucagonoma

NCT00004074
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2.3  The combination of surgery and IL‑12

Surgery is chosen to treat the solid tumors by most cancer patients in early stage, it can reduce the tumor burden and 
resolve the pathological changes caused by the local compression of the tumor tissue. It reduces the chance of tumor 
cells spreading and creates more favorable conditions for further treatment. However, surgery alone does not prevent 
tumor recurrence and/or metastasis, and patients with a high risk of recurrence receive adjuvant therapies after surgical 
resection. In view of the limited clinical effects of IL-12 as a monotherapy, some researchers have focused on exploring 
the feasibility of IL-12 as an adjuvant therapy in combined with surgery.

Localized injection of IL-12 prior to surgery has the potential to reduce recurrence rates and/or eliminate occult 
metastases by inducing systemic tumor-specific immunity [60, 61]. In the highly metastatic 4T1 breast cancer model 
[61], a group of mice received intratumoral injections of chitosan/IL-12 (CS/IL-12) prior to tumor resection surgery. About 
two-thirds of mice got complete clearance of lung metastases and long-term survival. In contrast, all mice treated with 
surgery alone died within 38 days, and mice treated with IL-12 only had a median survival of 46 days. And the overall 
survival of CS/IL-12 + surgery group was increased from 0 to 65%, with 67% of the mice achieving long-term tumor-free 
survival (IL-12 only: 24%, CS only: 0%).

In a treatment [62] of merkel cell carcinoma (MCC) by intratumoral delivery of plasmid IL12 via electroporation (pIL-
12 + EP), 3 patients with locoregional MCC and 12 patients with metastatic MCC were treated with one or four cycles 
of pIL-12 + EP respectively. 2 patients with locoregional MCC were treated with definitive surgery after pIL-12 + EP, and 
there was no recurrence at 44+ and 75+ months after surgery. The overall response rate of the metastatic MCC group was 
25% (3/12). Of the 10 measurable untreated lesions, 3 had distal regression. In addition, 2 patients experienced clinical 
responses for 16 and 55+ months, respectively. Serum IL-12 levels were not measured, but treatment was well tolerated 
and no serious adverse events were observed.

Besides, in the model of residual tumor after transplantation in mice by mouse sarcoma cells S180 or human renal 
carcinoma cell line KCC853 [63], mice inoculated with tumors were operated to partially remove tumor tissue to establish 
a postoperative residual tumor model. This model simulates clinical situations which tumor cells are not completely elimi-
nated or small tumor metastases are present before surgery. IL-12 was injected to observe its effect on residual tumors 
or metastatic microtumors. The results showed that postoperative administration of IL-12 can significantly inhibit the 
growth and metastasis of residual tumor, improve the postoperative tumor-free rate, and solve the problem of tumor 
recurrence caused by residual tumor growth and metastasis.

IL-12 plays an adjuvant role in the combination therapy of IL-12 and surgery. The results above demonstrated the 
combination can effectively create a favorable condition before surgery and inhibit tumor recurrence after the surgery. 
But there are few relevant clinical trial data to confirm, so it is necessary to conduct more studies.

3  IL‑12 therapy in combination with targeted therapy

Over the past 25 years, targeted therapy has been one of the most popular topics of cancer research, it can stop cancer 
cell growth by interfering with specific molecules needed for tumor growth [64]. Targeted therapy has changed the 
standard of treatment for several malignancies [65], with the goal of increasing patients’ complete and lasting clinical 
response rate. The studies of targeting VEGF/VEGFR2 and targeting EGFR/HER2 in combination with IL-12 showed that 
a stronger anti-tumor effect.

3.1  Targeting VEGF/VEGFR2 in combination with IL‑12 therapy

The vascular endothelial growth factor (VEGF)/VEGF receptor 2 (VEGFR2) signaling pathway is one of the most important 
pathways for the tumor angiogenesis [66]. The studies have showed the inhibition of this pathway can promote vascular 
normalization, increase the intra-tumor infiltration of lymphocytes, and decrease the number and function of inhibitory 
immune cell phenotypes. IL-12 can regulate T-cell-mediated anti-tumor immunity but can also stimulate downstream 
cellular secretion of IFN-γ, which can inhibit angiogenesis, tumor growth and metastasis.

The combination of antiangiogenic agents and IL-12 can inhibit tumor vascular growth, improve the TME and enhance 
the immune response against tumors. For instance, the antivascular drug ABRaA-vascular endothelial growth Factor 
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subtype 121  (VEGF121) in combination with interleukin IL-12 gene therapy inhibited the growth of B16-F10 melanoma 
[67]. The results showed that ABRaA-VEGF121 combined with IL-12 was more effective in inhibiting tumor growth than 
either group, and 20% of the mice were completely cured. In addition, the number of microvessels in the tumor was 
reduced after the combination therapy, providing strong experimental support for the combined application of anti-
vascular growth drugs and IL-12 in cancer treatment.

The ability of IL-12 combined with angiostatin (Angio) [68] to treat glioblastoma (GBM) was assessed in two tumor 
models. In this study, Angio (an antiangiogenic polypeptide) and IL-12 were delivered by an oncolytic virus. The antiangio-
genic activity of the combination therapy was stronger than that of Angio or IL-12 alone, and the combination of mouse 
Angio (mAngio) and mIL-12 further inhibited tube formation in both two models. In the MGG4 cell model, the median 
survival time of mice receiving combination therapy was 136 days (PBS: 98 days; mAngio: 113 days; mIL-12: 112 days). 
The combination of IL-12 and Angio decreased angiogenesis and VEGF expression significantly, prevented tumor growth 
and increased viral lysis of tumor cells.

In general, these studies provide important preclinical data for the use of combination therapy involving antiangio-
genic agents and IL-12. The tumor regression and anti-angiogenesis was observed in the groups treated with both IL-12 
and antiangiogenic agents. At the same time, IL-12 can change the TME by anti-angiogenesis and improve the immu-
nosuppressive TME, and then achieve better effects in the treatment.

3.2  Targeting EGFR/HER2 in combination with IL‑12 therapy

Epidermal growth factor receptor (EGFR) and human epidermal growth factor receptor 2 (HER2) belong to the ErbB fam-
ily of tyrosine kinase receptors. EGFR signaling cascades are key regulators of cell proliferation, differentiation, division, 
survival, and cancer development. HER2/neu is thought to be required for initiating and maintaining the growth and 
progression of tumors overexpressing HER2/neu, which is an attractive therapeutic target due to the characteristics of 
HER2/neu expression in breast cancer [69].

Cetuximab [70] is a recombinant chimeric human mouse immunoglobulin G1 antibody that binds to the extracellular 
domain of EGFR with a higher affinity than either of its endogenous ligands. It can inhibit the cell cycle, tumor progres-
sion, neovascularization, invasion, and metastasis. The combination of cetuximab and IL-12 increased NK cell-mediated 
tumor cell killing in a mouse model of squamous cell carcinoma of the head and neck (SCCHN) [71]. Moreover, the com-
bined effect was also proved in the patients with unresectable primary or recurrent SCCHN in a phase I/II clinical trial 
(NCT01468896) [72]. When used in the combination therapy, the maximum tolerated dose of IL-12 was 0.3 μg/kg, and 
the combination of IL-12 with cetuximab was well tolerated. 69% of patients had stable disease without partial remis-
sion, and 48% of patients exhibited prolonged PFS (average of 6.5 months) after the treatment of IL-12 and cetuximab. 
Therefore, low-dose IL-12 combined with cetuximab is safe in SCCHN patients and may serve as an important primer to 
optimize the innate immune system’s ability to stimulate an adaptive anti-tumor immune response in these patients.

Trastuzumab is a humanized monoclonal antibody against HER2/neu and represents a possible treatment for meta-
static breast cancer with high expression of HER2/neu. In a combination study of IL-12 and trastuzumab [73], IL-12 
enhanced the FcγR-dependent immune response through IFN-γ produced by NK cells, thereby enhancing the anti-tumor 
effect of trastuzumab. Compared with other groups, treatment with IL-12 and 4D5 significantly inhibited the growth 
of colorectal adenocarcinoma constructed in BALB/c mice expressing human HER2 (CT-26 HER2/neu) and reduced the 
tumor volume by approximately 70%. The mice that treated with combination therapy produced significantly higher of 
IFN-γ and CCL5, and lower level of IL-8 in the serum.

According to the experiments described above, the anti-tumor effects mainly depend on NK cells activated by the 
combination of IL-12 and targeted drugs (cetuximab and trastuzumab). IL-12 can be used at a lower dose and exhibits 
better efficacy when in combination with targeted therapies. In general, the studies provide important preclinical/clini-
cal data regarding the use of IL-12 combined in targeted therapy. Moreover, numerous clinical trials of the combination 
are being conducted to further evaluate the clinical safety and efficacy (Table 1).

4  IL‑12 therapy in combination with immunotherapy

Recent studies have highlighted the feasibility of using immunotherapy that try to enhance host immune responses to 
tumors, and the immunotherapy has showed a powerful anti-tumor effect in many studies. Broadly defined, immuno-
therapy refers to the stimulation of the immune system by vaccines, cytokines, antibody/immune checkpoint inhibitors 
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(ICIs), or immune cells themselves to fight cancer cells [74]. Immunotherapy harnesses the memory of the immune sys-
tem to target tumor cells to achieve a durable treatment response and is thus a more specific and less toxic treatment 
options for cancer patients. IL-12 is a potent immunomodulator and may have a stronger anti-tumor effect when used 
in combination with immunotherapies, such as immune checkpoint inhibitors, CAR-T cells and other cytokines.

4.1  Immune checkpoint inhibitors in combination with IL‑12 therapy

Immune checkpoints are pathways with inhibitory or stimulatory properties that maintain self-tolerance and promote 
the immune response [75]. Immune checkpoint inhibitors (ICIs) are molecules that block these pathways to enhance 
host anti-tumor immunity. PD-1/PD-L1 inhibitors, the most compelling ICIs, are currently used as first-line treatments in 
many cancers. Which significantly improve survival in patients with advanced malignancies compared to chemotherapy.

The combination of a tumor-targeting mouse IL-12 fusion protein (NHS-muIL12) and the anti-PD-L1 antibody avelumab 
showed a stronger anti-tumor effect in the treatment of mouse breast cancer (EMT-6) and colon cancer (MC38) [76]. The 
combination of NHS-muIL12 and averumab, induced tumor regression via enhancing the infiltration of cytotoxic NK 
and  CD8+ T cells. In the EMT-6 cell model, 10 μg NHS-muIL12 combined with 200 μg avelumab significantly reduced the 
mean volume of tumors (179.1 ± 86.5  mm3 reduction at 8 days; 10 μg NHS-muIL12 only: 32.2 ± 51.6  mm3). In the MC38 
cell model, the combination of avelumab and NHS-muIL12 (2 μg) therapy prolonged the survival of MC38-bearing 
hormonal mice, and the median survival of these mice (35.5 days) was longer than that of the mice in the monotherapy 
group (avelumab: 23.5 days; 2 μg NHS-muIL12: 28 days).

The combination of IL-12 and anti-PD-L1 enhanced the effect of mIL12-mRNA in inducing anti-tumor immunity, even 
in the patients who is resistant to PD-L1 inhibitor [40].The human IL-12 mRNA (MEDI1191) induced dose-dependent IL-12 
production, IFN-γ expression, and TH1 TME transformation in ex-vivo patient tumor model. Intratumoral MEDI1191 is 
currently being evaluated in combination with duvalumab in a phase I trial (anti-PD-L1, NCT03946800) in patients with 
solid tumors.

IL-12 was combined with the PD-1 inhibitor nivolumab for the treatment of recurrent glioblastoma in a phase I clinical 
trial (NCT03636477) [77]. The immune activation in the combination group was induced by the increase of IFN-γ secre-
tion to tumor. Although some adverse events (AEs) occurred in the trial, the AEs were predictable and dose-dependent 
and could be rapidly reversed by stopping the treatment, and there were no drug-related deaths. The IL-12 plasmid 
combined with pembrolizumab for immunologically quiescent melanoma [78] in a phase II clinical trial (NCT02493361), 
showed that the combination was well tolerated in patients with low percentages of checkpoint-positive cytotoxic 
lymphocytes (cpCTLs), no new or unexpected toxicities were observed. Patients had a 41% objective response rate 
(ORR) with a 36% complete response (CR) rate. The potential mechanism of the combination therapy is the increasing of 
immune infiltration and maintaining of the IL-12/IFN-γ feed-forward cycle, driving the generation of intratumoral cross-
presenting dendritic cell subsets with an increased TILs and emerging T-cell receptor clones and ultimately promoting 
systemic cellular immune responses.

In addition, CTLA-4 is also a immune checkpoint that is being investigated as a target for combination therapy. CTLA-4 
is a member of a family of immunoglobulin-related receptors that are responsible for various aspects of T-cell immune 
regulation [79]. The tumor growth in the combination of IL-12 and CTLA-4 blockade group were complete remission in 
most mice, compared with the IL-12 or anti–CTLA-4 conferred only a minor or no survival advantage respectively. The 
combination of IL-12 and CTLA-4 blockade acts predominantly on  CD4+ T cells, causing a drastic decrease in the number 
of  FoxP3+ T reg cells and an increase in the number of effector T (Teff ) cells [80]. The study provided evidence for the 
combination strategy of IL-12, but more research is needed to confirm the effectiveness of this combination in clinical.

4.2  CAR‑T cells in combination with IL‑12 therapy

Chimeric antigen receptor T (CAR-T) cells are T cells that are genetically engineered to express antigen-specific, non-MHC-
restricted receptors fused to the transmembrane domain and intracellular signaling domain by a single-chain variable 
fragment (scFv) of an antibody [81–83]. CAR was designed to recognize tumor cells in the body and induce the release 
a wide range of effectors that can kill tumor cells with high efficiency to treat malignant tumors. CAR-T cell therapy is 
emerging as one of the most promising advances in cancer immunotherapy [81]. IL-12 can be used in combination with 
CAR-T cells as an immunomodulator to improve the TME, alleviate the inhibitory effects of CAR-T cells and increase acti-
vated T-cell infiltration, thus effectively elevating the anti-tumor activity of CAR-T cells [84, 85].
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The combination of IL-12 (partially fused with Fc of mouse IgG3) and CAR-T-cell therapy in a preclinical study of GBM 
[86], led to complete eradication of established gliomas in a genetically identical mouse model. The local delivery of IL-12 
boosted the anti-tumor activity of CAR-T cells, which fails to control the large established gliomas. The tumor volume 
was effectively controlled and the survival rate increased to 70% approximately in the combination group, compared 
with other groups (CAR-T/IL-12 only: 30–40%). The combination of CAR-T cells and local IL-12 also promoted the effect of 
CAR-T cells against aggressive and immunogenic B16 cells. The efficacy of carcinoembryonic antigen (CEA)-specific CAR-T 
cells combined with recombinant human IL‐12 (rhIL‐12) [87] has been explored in several types of solid tumor models 
with high CEA expression, such as the colorectal cancer cell line HT-29, pancreatic cancer cell line AsPC-1, and gastric 
cancer cell line MGC803. These data demonstrate that combined IL-12 and CAR-T cell therapy promotes an effective and 
persistent anti-tumor response, even in the context of a poorly immunogenic model. The rhIL‐12 effectively activated 
CEA‐CAR T cells and increased the cytotoxic activity of CEA‐CAR T cells against CEA-positive cancer cells. The combination 
of IL-12 with CAR-T cell therapy for the treatment of ovarian cancer [88] and thymoma tumor [89] confirmed that IL-12 
improved the TME and increased the survival rate and persistence of T cells in vitro and in vivo, exerting a stronger anti-
tumor effect, these studied provided a good theoretical reference for the application of IL-12 in combination with CAR-T.

4.3  Cytokines in combination with IL‑12 therapy

Cytokines are a class of proteins or small molecular peptides that can transmit information between cells and have 
immunomodulatory and effector functions. They are essential components of the TME and participate in the induction 
and effector phases of all immune and inflammatory responses. Cytokines have been assigned to various family groups 
based on the structural homologies of their receptors, and each family have various and different effect in the anti-tumor 
immunity. Due to the complexity of the cytokine network, the combination of IL-12 and other different cytokines is a 
promising strategy in the treatment of cancer by the cytokine synergy. Recently, some preclinical trials have been carried 
out using the combination strategy of IL-12 and other cytokines, such as IL-7, IL-18 and IL-2.

Interleukin-7 (IL-7), a member of the IL-2 superfamily, binds to its receptor via a common γ-chain subunit, leads to 
phosphorylation of tyrosine residues, activates downstream signaling pathways [90, 91], as well as inducing prolifera-
tion of the B and T cells. The combination of IL-12 and IL-7 may exert a long-term anti-tumor effect and it is a potential 
combination strategy to fulfil the anti-tumor effect of IL-12 effectively. IL-12 was delivered combined with IL-7 by a 
tumor-selective oncolytic vaccinia virus into tumor-immunocompetent mice [92], anti-tumor activity was observed in 
all three models tested, with 92.9% tumor growth inhibition in a B16-F10 melanoma model, 53.3% in a CT26.WT colon 
carcinoma model, and 53.3% in a LLC lung carcinoma model. Moreover, mice with complete tumor elimination were 
able to resist reactivation of the same tumor cells, suggesting that mice treated with the combination of IL-7 and IL-12 
developed long-term tumor-specific immune memory. Another study also demonstrated that the dual expression of IL-7 
and IL-12 in tumors increased the number of activated  CD8+ T cells in tumors with poor immunogenicity compared with 
IL-12 expression alone [93]. Three of eleven LLC tumor model mice achieved complete regression (CR) in the combination 
group compared to none in the other groups (PBS, IL-7 or IL-12 alone). The combination of IL-12 and IL-7 enhanced the 
body’s immune response and activated an inflammatory state in previously less immunogenic tumors, contributing to 
complete regression of tumors and elimination of distant tumor deposits without toxicities.

Interleukin 18 (IL-18) is mainly expressed by macrophages and is a member of the IL-1 cytokine superfamily [94], which 
plays an important role in the inflammatory process. The exploration of IL-12 and IL-18 alone or combined in vitro on the 
function and receptor properties of NK cells and their subsets in patients with metastatic melanoma and healthy subjects 
as controls [95]. Compared with IL-12 or IL-18 alone, the combination group had significant effects on NK cytotoxicity, 
IFN-γ production and CD25 receptor expression in NK cells in melanoma. IL-18 acts synergistically with IL-12 to promote 
cytotoxicity and IFN-γ production from NK and T cells and is also involved in NK cell priming and the interaction between 
DCs and NK cells. In addition, Katarina M [96] studied the in vitro effects of IL-12 combined with interleukin-2 (IL-2), which 
has been used for decades in the treatment of melanoma, on the function and receptor expression of NK cells and their 
subsets. Peripheral blood mononuclear cells from 27 healthy controls and 35 patients with metastatic melanoma were 
stimulated in vitro with groups of monotherapy or combination therapy for functional and phenotypic analysis. Com-
pared with monotherapy, the combination of IL-2 and IL-12 had significantly greater effects in increasing NK cell toxicity 
and the expression of the degranulation marker CD107a on NK cells. NK cell activity is impaired in advanced melanoma 
[97, 98], so the combination of IL-2 and IL-12 may be a promising combination strategy in the advanced melanoma treat-
ment by improving NK cell function.
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To maintain IFN-γ induction by recombinant human interleukin-12 (rhIL-12) and enhance its activity against melanoma 
and renal cell cancer, rhIL-12 was combined with IL-2 in a phase I dose escalation study [99]. 28 patients were enrolled 
onto the study, and the maximum-tolerated dose of rhIL-12 was 500 ng/kg. In the combination group, IL-2 significantly 
augmented the production of IFN-γ and IFN-γ-inducible protein-10 which were induced by IL-12, led to a three-fold 
expansion of NK cells. And there was one major clinical response (partial response) as well as two pathologic responses. 
In the combination therapy of IL-12 and IL-2, IL-2 can restore and maintain immune activation by IL-12, and has clinical 
activity.

Inspired by these findings, many preclinical/clinical studies are underway to evaluate the safety and efficacy of IL-12 
in combination with other immunotherapies (Table 2).

5  Conclusion and prospects

In summary, traditional methods (chemotherapy, radiotherapy and surgery), targeted therapy and immunotherapy 
have the potential to boost the anti-tumor effect of IL-12 and extend its beneficial effects in cancer patients. Figure 2 
provides a graphical summary of the combination of IL-12 and other therapies, and shows some potential mechanisms. 
The combination of IL-12 and traditional methods, IL-12 can act as an adjuvant therapy to achieve the purpose of anti-
tumor therapy by the anti-tumor effect or the immunoregulatory effects. When combined with chemotherapy, IL-12 
can act additively or synergistically with chemotherapeutic agents in many studies. It has been demonstrated in many 
studies that the anti-tumor effect of IL-12 combined with chemotherapy is more significant than that of monotherapy. 
Specifically, this treatment strategy mainly showed on the killing of tumor cells and the inhibition of the blood ves-
sels inside the tumor. Moreover, it can overcome/decrease resistance to chemotherapeutic agents. The combination of 
IL-12 and targeted therapies mainly focus on inhibition of angiogenesis or the growth of tumor. As for the radiotherapy 
and surgery, IL-12 always plays a role of adjuvant in the combination therapy by immunoregulatory effects. As for the 

Fig. 2  The summary of IL-12 combined with other therapies. Potential combination strategies include traditional methods (chemotherapy, 
radiotherapy and surgery), targeted therapy and immunotherapy, and the potential mechanisms involved in the combined treatment 
induce synergistic effects, such as inhibition of angiogenesis, regulation of T cell infiltration, activation of Treg cells, and so on
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combination of IL-12 with immunotherapies, such the most popular immune checkpoint inhibitor anti-PD-1/PD-L1. 
Combination treatments aimed at increasing the number and proportion of responding immune cells will be an effec-
tive treatment options for cancer patients. The combination of IL-12 and immunotherapy showed powerful anti-tumor 
effects in preclinical trials, but most of the relevant clinical trials are still in phase I. Therefore, there is still a long way to 
go for IL-12 combination therapy.

In the combination therapies, the explorations of delivery methods and tumor-targeted modification of IL-12 are 
also involved. Although IL-12 can effectively activate immune cells to enhance cytotoxicity and cell-mediated immune 
responses, its translation to the clinic has proven to be very difficult because of IFN-γ-associated toxicity. The strategies 
of local delivery and tumor targeting are also considered the potential approaches to mitigate the side effects currently. 
Local delivery strategies, mainly involving the delivery of IL-12-encoding nucleic acids directly into the tumor, are very 
promising. For example, the use of IL-12 for local injection improves the potential for local IL-12 delivery at the local 
tumor site, reduces systemic IL-12 exposure, and improves tolerance [100–103]. IL-12 expression was extremely localized, 
and plasma IL-12 levels were often undetectable in serum. Local delivery can maximize IL-12 delivery to the TME while 
minimizing systemic exposure, which have demonstrated robust antitumor immunity with reduced adverse events in 
preclinical studies. It may allow IL-12 to fulfill its considerable clinical potential.

As for the strategy of targeted tumors, most of them are to modify IL-12 itself, by linking tumor-binding antibody 
fragments or other targeting parts with IL-12, so as to promote the accumulation in tumors after systemic injection. The 
modification of IL-12 can be unfolded by the following points: (1) Targeting tumor antigens, which are overexpressed or 
uniquely expressed by tumor cells. Such as IL12-SS1, combined by IL-12 and scFv, can direct IL-12 to mesothelin express-
ing cancer cells, and it has been demonstrated in human peritoneal mesotheliomas established in nude mice [104]; (2) 
Targeting extracellular matrix epitopes found only in tumors. HuBC1-IL12 [105] has been developed to targeted the 
splice variant extra domain B (ED-B) of fibronectin, which is highly expressed in tumor tissues but few in normal adult 
tissues with the exception of endometrium; (3) Targeting tumor necrosis. NHS-IL12 is one of the most well-known fusion 
proteins, which consists of antibodies directed against histones of necrotic cells and functional domains of IL-12. And it 
has been verified in many experiments include combination treatment of IL-12 and other therapies [106–109]. Besides, 
researchers have adopted a variety of new strategies and methods, such as virus vectors, DNA delivery based on several 
polymers and lipids, DNA transfer by electroporation, etc. [110]. Notably, combination administration of IL-12 with other 
treatments in preclinical models showed in this review provides comparable or even better efficacy than single cytokines 
and offers the potential advantage of using lower and possibly better tolerated doses of IL-12 in clinical settings.

Collectively, previous studies have been demonstrated that IL-12 itself has powerful anti-tumor effects by itself 
from the studies performed to date and possesses a significant ability to synergize and cooperate with many other 
therapies (Table 3). The studies reported here enhance our understanding of the cellular and molecular mechanisms 
underlying the immunoregulatory and anti-tumor effects of these combination treatments. At present, it is difficult 
to predict which IL-12-based therapy will prevail in terms of safety and efficacy or which combination strategy will 
gain market acceptance. The results of these studies provide a basis for further clinical translation of IL-12-based 
combinatorial therapies for the treatment of various human cancers.

Acknowledgements Not applicable.

Author contributions All authors contributed to the study conception and design. Xueli Sun: writing-original draft preparation; Yulian Xu: 
supervision, conceptualization, methodology, writing—reviewing and editing; Yunguang Tong: supervision, writing—reviewing and editing. 
All authors commented on previous versions of the manuscript. All authors read and approved the final manuscript.

Funding This work is supported by research startup foundation of China Jiliang University (01101–210942).

Data availability Not applicable.

Declarations 

Competing interests The authors declare that there are no competing of interest.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article 
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in 



Vol:.(1234567890)

Review Discover Oncology          (2024) 15:170  | https://doi.org/10.1007/s12672-024-01011-2

the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Bray F, Laversanne M, Sung H, Ferlay J, Siegel RL, Soerjomataram I, Jemal A. Global cancer statistics 2022: GLOBOCAN estimates of 
incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 2024. https:// doi. org/ 10. 3322/ caac. 21834.

 2. Vineis P, Wild CP. Global cancer patterns: causes and prevention. Lancet. 2014;383(9916):549–57. https:// doi. org/ 10. 1016/ S0140- 
6736(13) 62224-2.

 3. Sondka Z, Bamford S, Cole CG, Ward SA, Dunham I, Forbes SA. The COSMIC cancer gene census: describing genetic dysfunction 
across all human cancers. Nat Rev Cancer. 2018;18(11):696–705. https:// doi. org/ 10. 1038/ s41568- 018- 0060-1.

 4. Abbott M, Ustoyev Y. Cancer and the immune system: the history and background of immunotherapy. Semin Oncol Nurs. 2019;35(5): 
150923. https:// doi. org/ 10. 1016/j. soncn. 2019. 08. 002.

 5. Mellman I, Coukos G, Dranoff G. Cancer immunotherapy comes of age. Nature. 2011;480(7378):480–9. https:// doi. org/ 10. 1038/ natur 
e10673.

 6. Chen DS, Mellman I. Oncology meets immunology: the cancer-immunity cycle. Immunity. 2013;39(1):1–10. https:// doi. org/ 10. 1016/j. 
immuni. 2013. 07. 012.

 7. Marabondo S, Kaufman HL. High-dose interleukin-2 (IL-2) for the treatment of melanoma: safety considerations and future direc-
tions. Expert Opin Drug Saf. 2017;16(12):1347–57. https:// doi. org/ 10. 1080/ 14740 338. 2017. 13824 72.

 8. Davar D, Ding F, Saul M, Sander C, Tarhini AA, Kirkwood JM, Tawbi HA. High-dose interleukin-2 (HD IL-2) for advanced melanoma: a 
single center experience from the University of Pittsburgh Cancer Institute. J Immunother Cancer. 2017;5(1):1–10. https:// doi. org/ 
10. 1186/ s40425- 017- 0279-5.

 9. Donskov F. Interleukin-2 based immunotherapy in patients with metastatic renal cell carcinoma. Yearb Oncol. 2007. https:// doi. org/ 
10. 1016/ S1040- 1741(08) 70360-9.

 10. Muhitch JB, Schwaab T. High-dose IL-2 for metastatic renal cell carcinoma: can the first antitumor immunotherapy be reinvented? 
Immunotherapy. 2014;6(9):955–8. https:// doi. org/ 10. 2217/ imt. 14. 78.

 11. Tarhini AA, Gogas H, Kirkwood JM. IFN-α in the treatment of melanoma. J Immunol. 2012;189(8):3789–93. https:// doi. org/ 10. 4049/ 
jimmu nol. 12900 60.

 12. Kirkwood J. Cancer immunotherapy: the interferon-α experience. Semin Oncol. 2002. https:// doi. org/ 10. 1053/ sonc. 2002. 33078.
 13. Kobayashi M, Fitz L, Ryan M, et al. Identification and purification of natural killer cell stimulatory factor (NKSF), a cytokine with 

multiple biologic effects on human lymphocytes. J Exp Med. 1989;170(3):827–45. https:// doi. org/ 10. 1084/ jem. 170.3. 827.
 14. Stern AS, Podlaski FJ, Hulmes JD, et al. Purification to homogeneity and partial characterization of cytotoxic lymphocyte maturation 

factor from human B-lymphoblastoid cells. Proc Natl Acad Sci. 1990;87(17):6808–12.
 15. Colombo MP, Trinchieri G. Interleukin-12 in anti-tumor immunity and immunotherapy. Cytokine Growth Factor Rev. 2002;13(2):155–

68. https:// doi. org/ 10. 1016/ S1359- 6101(01) 00032-6.
 16. Bacon CM, McVicar DW, Ortaldo JR, Rees RC, O’Shea J, Johnston JA. Interleukin 12 (IL-12) induces tyrosine phosphorylation of JAK2 

and TYK2: differential use of Janus family tyrosine kinases by IL-2 and IL-12. J Exp Med. 1995;181(1):399–404. https:// doi. org/ 10. 
1084/ jem. 181.1. 399.

 17. Watford WT, Moriguchi M, Morinobu A, O’Shea JJ. The biology of IL-12: coordinating innate and adaptive immune responses. Cytokine 
Growth Factor Rev. 2003;14(5):361–8. https:// doi. org/ 10. 1016/ S1359- 6101(03) 00043-1.

 18. Jorgovanovic D, Song M, Wang L, Zhang Y. Roles of IFN-γ in tumor progression and regression: a review. Biomark Res. 2020;8(49):2020. 
https:// doi. org/ 10. 1186/ s40364- 020- 00228-x.

 19. Ikeda H, Old LJ, Schreiber RD. The roles of IFNγ in protection against tumor development and cancer immunoediting. Cytokine 
Growth Factor Rev. 2002;13(2):95–109. https:// doi. org/ 10. 1016/ S1359- 6101(01) 00038-7.

 20. Lai I, Swaminathan S, Baylot V, Mosley A, Dhanasekaran R, Gabay M, Felsher DW. Lipid nanoparticles that deliver IL-12 messenger 
RNA suppress tumorigenesis in MYC oncogene-driven hepatocellular carcinoma. J Immunother Cancer. 2018;6(1):1–11. https:// doi. 
org/ 10. 1186/ s40425- 018- 0431-x.

 21. Lu X. Impact of IL-12 in cancer. Curr Cancer Drug Targets. 2017;17(8):682–97. https:// doi. org/ 10. 2174/ 15680 09617 66617 04271 02729.
 22. Brunda MJ, Luistro L, Warrier RR, Wright RB, Hubbard BR, Murphy M, Wolf SF, Gately M. Antitumor and antimetastatic activity of 

interleukin 12 against murine tumors. J Exp Med. 1993;178(4):1223–30. https:// doi. org/ 10. 1084/ jem. 178.4. 1223.
 23. Nanni P, Rossi I, De Giovanni C, et al. Interleukin 12 gene therapy of MHC-negative murine melanoma metastases. Can Res. 

1998;58(6):1225–30.
 24. Chiodoni C, Stoppacciaro A, Sangaletti S, Gri G, Cappetti B, Koezuka Y, Colombo MP. Different requirements for α-galactosylceramide 

and recombinant IL-12 antitumor activity in the treatment of C-26 colon carcinoma hepatic metastases. Eur J Immunol. 
2001;31(10):3101–10. https:// doi. org/ 10. 1002/ 1521- 4141(20010 10) 31: 10% 3c310 1:: AID- IMMU3 101% 3e3.0. CO;2-8.

 25. Martinotti A, Stoppacciaro A, Vagliani M, et al. CD4 T cells inhibit in vivo the CD8-mediated immune response against murine colon 
carcinoma cells transduced with interleukin-12 genes. Eur J Immunol. 1995;25(1):137–46. https:// doi. org/ 10. 1002/ eji. 18302 50124.

 26. Di Carlo E, Rovero S, Boggio K, Quaglino E, Amici A, Smorlesi A, Forni G, Musiani P. Inhibition of mammary carcinogenesis by systemic 
interleukin 12 or pl85neu DNA vaccination in Her-2/neu transgenic BALB/c mice. Clin Cancer Res. 2001;7(3):830s–7s.

 27. Boggio K, Nicoletti G, Di Carlo E, et al. Interleukin 12–mediated prevention of spontaneous mammary adenocarcinomas in two lines 
of Her-2/neu transgenic mice. J Exp Med. 1998;188(3):589–96. https:// doi. org/ 10. 1084/ jem. 188.3. 589.

 28. Gately M, Gubler U, Brunda M, Nadeau R, Anderson T, Lipman J, Sarmiento U. Interleukin-12: a cytokine with therapeutic potential 
in oncology and infectious diseases. Ther Immunol. 1994;1(3):187–96.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3322/caac.21834
https://doi.org/10.1016/S0140-6736(13)62224-2
https://doi.org/10.1016/S0140-6736(13)62224-2
https://doi.org/10.1038/s41568-018-0060-1
https://doi.org/10.1016/j.soncn.2019.08.002
https://doi.org/10.1038/nature10673
https://doi.org/10.1038/nature10673
https://doi.org/10.1016/j.immuni.2013.07.012
https://doi.org/10.1016/j.immuni.2013.07.012
https://doi.org/10.1080/14740338.2017.1382472
https://doi.org/10.1186/s40425-017-0279-5
https://doi.org/10.1186/s40425-017-0279-5
https://doi.org/10.1016/S1040-1741(08)70360-9
https://doi.org/10.1016/S1040-1741(08)70360-9
https://doi.org/10.2217/imt.14.78
https://doi.org/10.4049/jimmunol.1290060
https://doi.org/10.4049/jimmunol.1290060
https://doi.org/10.1053/sonc.2002.33078
https://doi.org/10.1084/jem.170.3.827
https://doi.org/10.1016/S1359-6101(01)00032-6
https://doi.org/10.1084/jem.181.1.399
https://doi.org/10.1084/jem.181.1.399
https://doi.org/10.1016/S1359-6101(03)00043-1
https://doi.org/10.1186/s40364-020-00228-x
https://doi.org/10.1016/S1359-6101(01)00038-7
https://doi.org/10.1186/s40425-018-0431-x
https://doi.org/10.1186/s40425-018-0431-x
https://doi.org/10.2174/1568009617666170427102729
https://doi.org/10.1084/jem.178.4.1223
https://doi.org/10.1002/1521-4141(2001010)31:10%3c3101::AID-IMMU3101%3e3.0.CO;2-8
https://doi.org/10.1002/eji.1830250124
https://doi.org/10.1084/jem.188.3.589


Vol.:(0123456789)

Discover Oncology          (2024) 15:170  | https://doi.org/10.1007/s12672-024-01011-2 Review

 29. Sarmiento UM, Riley JH, Knaack PA, Lipman JM, Becker JM, Gately MK, Chizzonite R, Anderson TD. Biologic effects of recombinant 
human interleukin-12 in squirrel monkeys (Sciureus saimiri). Lab Investig. 1994;71(6):862–73.

 30. Cohen J. IL-12 deaths: explanation and a puzzle. Science. 1995;270(5238):908–908.
 31. Jenks S. After initial setback, IL-12 regaining popularity. Oxford: Oxford University Press; 1996.
 32. Leonard JP, Sherman ML, Fisher GL, et al. Effects of single-dose interleukin-12 exposure on interleukin-12–associated toxicity and 

interferon-γ production. Blood. 1997;90(7):2541–8. https:// doi. org/ 10. 1182/ blood. V90.7. 2541.
 33. Atkins MB, Robertson MJ, Gordon M, et al. Phase I evaluation of intravenous recombinant human interleukin 12 in patients with advanced 

malignancies. Clin Cancer Res. 1997;3(3):409–17.
 34. Robertson MJ, Cameron C, Atkins MB, Gordon MS, Lotze MT, Sherman ML, Ritz J. Immunological effects of interleukin 12 administered 

by bolus intravenous injection to patients with cancer. Clin Cancer Res. 1999;5(1):9–16.
 35. Bajetta E, Del Vecchio M, Mortarini R, et al. Pilot study of subcutaneous recombinant human interleukin 12 in metastatic melanoma. Clin 

Cancer Res. 1998;4(1):75–85.
 36. Portielje JE, Kruit WH, Schuler M, et al. Phase I study of subcutaneously administered recombinant human interleukin 12 in patients with 

advanced renal cell cancer. Clin Cancer Res. 1999;5(12):3983–9.
 37. Weiss JM, Subleski JJ, Wigginton JM, Wiltrout RH. Immunotherapy of cancer by IL-12-based cytokine combinations. Expert Opin Biol 

Ther. 2007;7(11):1705–21. https:// doi. org/ 10. 1517/ 14712 598.7. 11. 1705.
 38. Tugues S, Burkhard S, Ia O, Vrohlings M, Nussbaum K, Vom Berg J, Kulig P, Becher B. New insights into IL-12-mediated tumor suppression. 

Cell Death Differ. 2015;22(2):237–46. https:// doi. org/ 10. 1038/ cdd. 2014. 134.
 39. Nguyen KG, Vrabel MR, Mantooth SM, Hopkins JJ, Wagner ES, Gabaldon TA, Zaharoff DA. Localized interleukin-12 for cancer immuno-

therapy. Front Immunol. 2020;11: 575597. https:// doi. org/ 10. 3389/ fimmu. 2020. 575597.
 40. Hewitt SL, Bailey D, Zielinski J, et al. Intratumoral IL12 mRNA therapy promotes TH1 transformation of the tumor microenvironment. 

Clin Cancer Res. 2020;26(23):6284–98. https:// doi. org/ 10. 1158/ 1078- 0432. CCR- 20- 0472.
 41. Zhang HH, Guo XL. Combinational strategies of metformin and chemotherapy in cancers. Cancer Chemother Pharmacol. 2016;78(1):13–

26. https:// doi. org/ 10. 1007/ s00280- 016- 3037-3.
 42. Drews RE, Shulman LN. Update in hematology and oncology. Ann Intern Med. 2010;152(10):655–62.
 43. Weissman I. Cancer stem cells in solid tumors. Onkologie. 2009;32(10):605–9. https:// doi. org/ 10. 1016/j. semca ncer. 2010. 03. 004.
 44. Polyak K, Weinberg RA. Transitions between epithelial and mesenchymal states: acquisition of malignant and stem cell traits. Nat Rev 

Cancer. 2009;9(4):265–73. https:// doi. org/ 10. 1038/ nrc26 20.
 45. Hu Q, Shang L, Wang M, et al. Co-delivery of paclitaxel and interleukin-12 regulating tumor microenvironment for cancer immuno-

chemotherapy. Adv Healthc Mater. 2020;9(10): e1901858. https:// doi. org/ 10. 1002/ adhm. 20190 1858.
 46. Passer BJ, Cheema T, Wu S, Wu CL, Rabkin SD, Martuza RL. Combination of vinblastine and oncolytic herpes simplex virus vector express-

ing IL-12 therapy increases antitumor and antiangiogenic effects in prostate cancer models. Cancer Gene Ther. 2013;20(1):17–24. https:// 
doi. org/ 10. 1038/ cgt. 2012. 75.

 47. Gonzalez-Aparicio M, Alzuguren P, Mauleon I, et al. Oxaliplatin in combination with liver-specific expression of interleukin 12 reduces the 
immunosuppressive microenvironment of tumours and eradicates metastatic colorectal cancer in mice. Gut. 2011;60(3):341–9. https:// 
doi. org/ 10. 1136/ gut. 2010. 211722.

 48. Anwer K, Kelly FJ, Chu C, Fewell JG, Lewis D, Alvarez RD. Phase I trial of a formulated IL-12 plasmid in combination with carboplatin and 
docetaxel chemotherapy in the treatment of platinum-sensitive recurrent ovarian cancer. Gynecol Oncol. 2013;131(1):169–73. https:// 
doi. org/ 10. 1016/j. ygyno. 2013. 07. 081.

 49. Palata O, Hradilova Podzimkova N, Nedvedova E, Umprecht A, Sadilkova L, Palova Jelinkova L, Spisek R, Adkins I. Radiotherapy in com-
bination with cytokine treatment. Front Oncol. 2019;9:367. https:// doi. org/ 10. 3389/ fonc. 2019. 00367.

 50. Grade M, Difilippantonio MJ, Camps J. Patterns of chromosomal aberrations in solid tumors. Chromosom Instab Cancer Cells. 2015. 
https:// doi. org/ 10. 1007/ 978-3- 319- 20291-4_6.

 51. Abe Y, Miura T, Yoshida MA, et al. Analysis of chromosome translocation frequency after a single CT scan in adults. J Radiat Res. 
2016;57(3):220–6. https:// doi. org/ 10. 1093/ jrr/ rrv090.

 52. De Gonzalez AB, Curtis RE, Kry SF, Gilbert E, Lamart S, Berg CD, Stovall M, Ron E. Proportion of second cancers attributable to radiotherapy 
treatment in adults: a cohort study in the US SEER cancer registries. Lancet Oncol. 2011;12(4):353–60. https:// doi. org/ 10. 1016/ S1470- 
2045(11) 70061-4.

 53. Xi M, Liu S-L, Zhao L, Shen J-X, Zhang L, Zhang P, Liu M-Z. Prognostic factors and survival in patients with radiation-related second 
malignant neoplasms following radiotherapy for nasopharyngeal carcinoma. PLoS ONE. 2013;8(12): e84586. https:// doi. org/ 10. 1371/ 
journ al. pone. 00845 86.

 54. Mohan G, Ayisha Hamna TP, Jijo AJ, Saradha Devi KM, Narayanasamy A, Vellingiri B. Recent advances in radiotherapy and its associated 
side effects in cancer—a review. J Basic Appl Zool. 2019;80(1):1–10. https:// doi. org/ 10. 1186/ s41936- 019- 0083-5.

 55. Wu C-J, Tsai Y-T, Lee I-J, et al. Combination of radiation and interleukin 12 eradicates large orthotopic hepatocellular carcinoma through 
immunomodulation of tumor microenvironment. Oncoimmunology. 2018;7(9): e1477459. https:// doi. org/ 10. 1080/ 21624 02X. 2018. 
14774 59.

 56. Mills BN, Connolly KA, Ye J, et al. Stereotactic body radiation and interleukin-12 combination therapy eradicates pancreatic tumors by 
repolarizing the immune microenvironment. Cell Rep. 2019;29(2):406-421.e405. https:// doi. org/ 10. 1016/j. celrep. 2019. 08. 095.

 57. Sedlar A, Kranjc S, Dolinsek T, Cemazar M, Coer A, Sersa G. Radiosensitizing effect of intratumoral interleukin-12 gene electrotransfer in 
murine sarcoma. BMC Cancer. 2013;13:1–11. https:// doi. org/ 10. 1186/ 1471- 2407- 13- 38.

 58. Fallon J, Tighe R, Kradjian G, et al. The immunocytokine NHS-IL12 as a potential cancer therapeutic. Oncotarget. 2014;5(7):1869. https:// 
doi. org/ 10. 18632/ oncot arget. 1853.

 59. Yu C-F, Chang C-H, Wang C-C, Hong J-H, Chiang C-S, Chen F-H. Local interleukin-12 treatment enhances the efficacy of radiation therapy 
by overcoming radiation-induced immune suppression. Int J Mol Sci. 2021;22(18):10053. https:// doi. org/ 10. 3390/ ijms2 21810 053.

 60. Vo JL, Yang L, Kurtz SL, Smith SG, Koppolu BP, Ravindranathan S, Zaharoff DA. Neoadjuvant immunotherapy with chitosan and interleu-
kin-12 to control breast cancer metastasis. Oncoimmunology. 2014;3(12): e968001. https:// doi. org/ 10. 4161/ 21624 011. 2014. 968001.

https://doi.org/10.1182/blood.V90.7.2541
https://doi.org/10.1517/14712598.7.11.1705
https://doi.org/10.1038/cdd.2014.134
https://doi.org/10.3389/fimmu.2020.575597
https://doi.org/10.1158/1078-0432.CCR-20-0472
https://doi.org/10.1007/s00280-016-3037-3
https://doi.org/10.1016/j.semcancer.2010.03.004
https://doi.org/10.1038/nrc2620
https://doi.org/10.1002/adhm.201901858
https://doi.org/10.1038/cgt.2012.75
https://doi.org/10.1038/cgt.2012.75
https://doi.org/10.1136/gut.2010.211722
https://doi.org/10.1136/gut.2010.211722
https://doi.org/10.1016/j.ygyno.2013.07.081
https://doi.org/10.1016/j.ygyno.2013.07.081
https://doi.org/10.3389/fonc.2019.00367
https://doi.org/10.1007/978-3-319-20291-4_6
https://doi.org/10.1093/jrr/rrv090
https://doi.org/10.1016/S1470-2045(11)70061-4
https://doi.org/10.1016/S1470-2045(11)70061-4
https://doi.org/10.1371/journal.pone.0084586
https://doi.org/10.1371/journal.pone.0084586
https://doi.org/10.1186/s41936-019-0083-5
https://doi.org/10.1080/2162402X.2018.1477459
https://doi.org/10.1080/2162402X.2018.1477459
https://doi.org/10.1016/j.celrep.2019.08.095
https://doi.org/10.1186/1471-2407-13-38
https://doi.org/10.18632/oncotarget.1853
https://doi.org/10.18632/oncotarget.1853
https://doi.org/10.3390/ijms221810053
https://doi.org/10.4161/21624011.2014.968001


Vol:.(1234567890)

Review Discover Oncology          (2024) 15:170  | https://doi.org/10.1007/s12672-024-01011-2

 61. Kramer MG, Masner M, Casales E, Moreno M, Smerdou C, Chabalgoity JA. Neoadjuvant administration of Semliki Forest virus expressing 
interleukin-12 combined with attenuated Salmonella eradicates breast cancer metastasis and achieves long-term survival in immuno-
competent mice. BMC Cancer. 2015;15:1–15. https:// doi. org/ 10. 1186/ s12885- 015- 1618-x.

 62. Bhatia S, Longino NV, Miller NJ, et al. Intratumoral delivery of plasmid IL12 via electroporation leads to regression of injected and 
noninjected tumors in Merkel cell carcinoma. Clin Cancer Res. 2020;26(3):598–607. https:// doi. org/ 10. 1158/ 1078- 0432. CCR- 19- 0972.

 63. Ding H, Yuan S, Wang J, Qin H, Han Y. IL-12 inhibits postoperative residual tumor growth in murine models of sarcoma and renal 
carcinoma. Anticancer Drugs. 2021;32(10):1003–10. https:// doi. org/ 10. 1097/ CAD. 00000 00000 001114.

 64. Joo WD, Visintin I, Mor G. Targeted cancer therapy—are the days of systemic chemotherapy numbered? Maturitas. 2013;76(4):308–14. 
https:// doi. org/ 10. 1016/j. matur itas. 2013. 09. 008.

 65. Gotwals P, Cameron S, Cipolletta D, et al. Prospects for combining targeted and conventional cancer therapy with immunotherapy. 
Nat Rev Cancer. 2017;17(5):286–301.

 66. Gao F, Yang C. Anti-VEGF/VEGFR2 monoclonal antibodies and their combinations with PD-1/PD-L1 inhibitors in clinic. Curr Cancer 
Drug Targets. 2020;20(1):3–18.

 67. Ciomber A, Smagur A, Mitrus I, Cichoń T, Smolarczyk R, Sochanik A, Szala S, Jarosz M. Antitumor effects of recombinant antivascu-
lar protein ABRaA-VEGF 121 combined with IL-12 gene therapy. Arch Immunol Ther Exp. 2014;62:161–8. https:// doi. org/ 10. 1007/ 
s00005- 013- 0259-5.

 68. Zhang W, Fulci G, Wakimoto H, et al. Combination of oncolytic herpes simplex viruses armed with angiostatin and IL-12 enhances 
antitumor efficacy in human glioblastoma models. Neoplasia. 2013;15(6):591–9. https:// doi. org/ 10. 1593/ neo. 13158.

 69. Emens LA. Trastuzumab: targeted therapy for the management of HER-2/neu-overexpressing metastatic breast cancer. Am J Ther. 
2005;12(3):243–53. https:// doi. org/ 10. 1097/ 01. mjt. 00001 45365. 20591. 55.

 70. Vincenzi B, Schiavon G, Silletta M, Santini D, Tonini G. The biological properties of cetuximab. Crit Rev Oncol Hematol. 2008;68(2):93–
106. https:// doi. org/ 10. 1016/j. critr evonc. 2008. 07. 006.

 71. Luedke E, Jaime-Ramirez AC, Bhave N, Roda J, Choudhary MM, Kumar B, Teknos TN, Carson WE III. Cetuximab therapy in head and 
neck cancer: Immune modulation with interleukin-12 and other natural killer cell–activating cytokines. Surgery. 2012;152(3):431–40. 
https:// doi. org/ 10. 1016/j. surg. 2012. 05. 035.

 72. McMichael EL, Benner B, Atwal LS, et al. A phase I/II trial of cetuximab in combination with interleukin-12 administered to patients 
with unresectable primary or recurrent head and neck squamous cell carcinoma. Clin Cancer Res. 2019;25(16):4955–65. https:// doi. 
org/ 10. 1158/ 1078- 0432. CCR- 18- 2108.

 73. Jaime-Ramirez AC, Mundy-Bosse BL, Kondadasula S, et al. IL-12 enhances the antitumor actions of trastuzumab via NK cell IFN-γ 
production. J Immunol. 2011;186(6):3401–9. https:// doi. org/ 10. 4049/ jimmu nol. 10003 28.

 74. Helmy KY, Patel SA, Nahas GR, Rameshwar P. Cancer immunotherapy: accomplishments to date and future promise. Ther Deliv. 
2013;4(10):1307–20. https:// doi. org/ 10. 4155/ tde. 13. 88.

 75. Marin-Acevedo JA, Kimbrough EO, Lou Y. Next generation of immune checkpoint inhibitors and beyond. J Hematol Oncol. 
2021;14(1):1–29. https:// doi. org/ 10. 1186/ s13045- 021- 01056-8.

 76. Xu C, Zhang Y, Rolfe PA, et al. Combination therapy with NHS-muIL12 and Avelumab (anti-PD-L1) enhances antitumor efficacy in 
preclinical cancer models. Clin Cancer Res. 2017;23(19):5869–80. https:// doi. org/ 10. 1158/ 1078- 0432. CCR- 17- 0483.

 77. Chiocca EA, Gelb AB, Chen CC, et al. Combined immunotherapy with controlled interleukin-12 gene therapy and immune checkpoint 
blockade in recurrent glioblastoma: an open-label, multi-institutional phase I trial. Neuro Oncol. 2022;24(6):951–63. https:// doi. org/ 
10. 1093/ neuonc/ noab2 71.

 78. Algazi AP, Twitty CG, Tsai KK, et al. Phase II trial of IL-12 plasmid transfection and PD-1 blockade in immunologically quiescent mela-
noma. Clin Cancer Res. 2020;26(12):2827–37. https:// doi. org/ 10. 1158/ 1078- 0432. CCR- 19- 2217.

 79. Rowshanravan B, Halliday N, Sansom DM. CTLA-4: a moving target in immunotherapy. Blood. 2018;131(1):58–67. https:// doi. org/ 
10. 1182/ blood- 2017- 06- 741033.

 80. Vom Berg J, Vrohlings M, Haller S, Haimovici A, Kulig P, Sledzinska A, Weller M, Becher B. Intratumoral IL-12 combined with CTLA-4 
blockade elicits T cell–mediated glioma rejection. J Exp Med. 2013;210(13):2803–11. https:// doi. org/ 10. 1084/ jem. 20130 678.

 81. Martinez M, Moon EK. CAR T cells for solid tumors: new strategies for finding, infiltrating, and surviving in the tumor microenviron-
ment. Front Immunol. 2019;10:128. https:// doi. org/ 10. 3389/ fimmu. 2019. 00128.

 82. Newick K, O’Brien S, Moon E, Albelda SM. CAR T cell therapy for solid tumors. Annu Rev Med. 2017;68:139–52. https:// doi. org/ 10. 
1146/ annur ev- med- 062315- 120245.

 83. Garber K. Driving T-cell immunotherapy to solid tumors. Nat Biotechnol. 2018;36(3):215–9. https:// doi. org/ 10. 1038/ nbt. 4090.
 84. Luo Y, Chen Z, Sun M, et al. IL-12 nanochaperone-engineered CAR T cell for robust tumor-immunotherapy. Biomaterials. 2022;281: 

121341. https:// doi. org/ 10. 1016/j. bioma teria ls. 2021. 121341.
 85. Yeku OO, Purdon TJ, Koneru M, Spriggs D, Brentjens RJ. Armored CAR T cells enhance antitumor efficacy and overcome the tumor 

microenvironment. Sci Rep. 2017;7(1):10541. https:// doi. org/ 10. 1038/ s41598- 017- 10940-8.
 86. Agliardi G, Liuzzi AR, Hotblack A, et al. Intratumoral IL-12 delivery empowers CAR-T cell immunotherapy in a pre-clinical model of 

glioblastoma. Nat Commun. 2021;12(1):444. https:// doi. org/ 10. 1038/ s41467- 020- 20599-x.
 87. Chi X, Yang P, Zhang E, et al. Significantly increased anti-tumor activity of carcinoembryonic antigen-specific chimeric antigen recep-

tor T cells in combination with recombinant human IL-12. Cancer Med. 2019;8(10):4753–65. https:// doi. org/ 10. 1002/ cam4. 2361.
 88. Koneru M, Purdon TJ, Spriggs D, Koneru S, Brentjens RJ. IL-12 secreting tumor-targeted chimeric antigen receptor T cells eradicate 

ovarian tumors in vivo. Oncoimmunology. 2015;4(3): e994446. https:// doi. org/ 10. 4161/ 21624 02X. 2014. 994446.
 89. Pegram HJ, Lee JC, Hayman EG, Imperato GH, Tedder TF, Sadelain M, Brentjens RJ. Tumor-targeted T cells modified to secrete 

IL-12 eradicate systemic tumors without need for prior conditioning. Blood. 2012;119(18):4133–41. https:// doi. org/ 10. 1182/ 
blood- 2011- 12- 400044.

 90. Ziegler SF, Morella KK, Anderson D, Kumaki N, Leonard WJ, Cosman D, Baumann H. Reconstitution of a functional interleukin (IL)-7 recep-
tor demonstrates that the IL-2 receptor gamma chain is required for IL-7 signal transduction. Eur J Immunol. 2010;25(2):399–404.

https://doi.org/10.1186/s12885-015-1618-x
https://doi.org/10.1158/1078-0432.CCR-19-0972
https://doi.org/10.1097/CAD.0000000000001114
https://doi.org/10.1016/j.maturitas.2013.09.008
https://doi.org/10.1007/s00005-013-0259-5
https://doi.org/10.1007/s00005-013-0259-5
https://doi.org/10.1593/neo.13158
https://doi.org/10.1097/01.mjt.0000145365.20591.55
https://doi.org/10.1016/j.critrevonc.2008.07.006
https://doi.org/10.1016/j.surg.2012.05.035
https://doi.org/10.1158/1078-0432.CCR-18-2108
https://doi.org/10.1158/1078-0432.CCR-18-2108
https://doi.org/10.4049/jimmunol.1000328
https://doi.org/10.4155/tde.13.88
https://doi.org/10.1186/s13045-021-01056-8
https://doi.org/10.1158/1078-0432.CCR-17-0483
https://doi.org/10.1093/neuonc/noab271
https://doi.org/10.1093/neuonc/noab271
https://doi.org/10.1158/1078-0432.CCR-19-2217
https://doi.org/10.1182/blood-2017-06-741033
https://doi.org/10.1182/blood-2017-06-741033
https://doi.org/10.1084/jem.20130678
https://doi.org/10.3389/fimmu.2019.00128
https://doi.org/10.1146/annurev-med-062315-120245
https://doi.org/10.1146/annurev-med-062315-120245
https://doi.org/10.1038/nbt.4090
https://doi.org/10.1016/j.biomaterials.2021.121341
https://doi.org/10.1038/s41598-017-10940-8
https://doi.org/10.1038/s41467-020-20599-x
https://doi.org/10.1002/cam4.2361
https://doi.org/10.4161/2162402X.2014.994446
https://doi.org/10.1182/blood-2011-12-400044
https://doi.org/10.1182/blood-2011-12-400044


Vol.:(0123456789)

Discover Oncology          (2024) 15:170  | https://doi.org/10.1007/s12672-024-01011-2 Review

 91. Asao H, Okuyama C, Kumaki S, Ishii N, Tsuchiya S, Foster D, Sugamura K. Cutting edge: the common γ-chain is an indispensable subunit 
of the IL-21 receptor complex. J Immunol. 2001;167(1):1–5. https:// doi. org/ 10. 4049/ jimmu nol. 167.1.1.

 92. Nakao S, Arai Y, Tasaki M, et al. Intratumoral expression of IL-7 and IL-12 using an oncolytic virus increases systemic sensitivity to immune 
checkpoint blockade. Sci Transl Med. 2020;12(526):7992. https:// doi. org/ 10. 1126/ scitr anslm ed. aax79 92.

 93. Tasaki M, Yamashita M, Arai Y, Nakamura T, Nakao S. IL-7 coupled with IL-12 increases intratumoral T cell clonality, leading to com-
plete regression of non-immunogenic tumors. Cancer Immunol Immunother. 2021;70(12):3557–71. https:// doi. org/ 10. 1007/ 
s00262- 021- 02947-y.

 94. Gracie JA, Robertson SE, McInnes IB. Interleukin-18. J Leucoc Biol. 2003;73(2):213–24. https:// doi. org/ 10. 1189/ jlb. 06023 13.
 95. Mirjačić Martinović K, Babović N, Džodić R, Jurišić V, Matković S, Konjević G. Favorable in vitro effects of combined IL-12 and IL-18 treat-

ment on NK cell cytotoxicity and CD25 receptor expression in metastatic melanoma patients. J Transl Med. 2015;13(1):1–14. https:// doi. 
org/ 10. 1186/ s12967- 015- 0479-z.

 96. Mirjacic Martinovic KM, Babovic NL, Dzodic RR, Jurisic VB, Ninkovic AZ, Konjevic GM. Beneficial in-vitro effects of interleukin-2, inter-
leukin-12, and their combination on functional and receptor characteristics of natural killer cells in metastatic melanoma patients with 
normal serum lactate dehydrogenase levels. Melanoma Res. 2016;26(6):551–64. https:// doi. org/ 10. 1097/ CMR. 00000 00000 000289.

 97. Mirjacic Martinovic KM, Babovic N, Dzodic RR, Jurisic VB, Tanic NT, Konjevic GM. Decreased expression of NKG2D, NKp46, DNAM-1 
receptors, and intracellular perforin and STAT-1 effector molecules in NK cells and their dim and bright subsets in metastatic melanoma 
patients. Melanoma Res. 2014;24(4):295–304. https:// doi. org/ 10. 1097/ CMR. 00000 00000 000072.

 98. Konjević G, Mirjačić Martinović K, Jurišić V, Babović N, Spužić I. Biomarkers of suppressed natural killer (NK) cell function in metastatic 
melanoma: decreased NKG2D and increased CD158a receptors on CD3–CD16+ NK cells. Biomarkers. 2009;14(4):258–70. https:// doi. org/ 
10. 1080/ 13547 50090 28146 58.

 99. Gollob JA, Veenstra KG, Parker RA, et al. Phase I trial of concurrent twice-weekly recombinant human interleukin-12 plus low-dose IL-2 
in patients with melanoma or renal cell carcinoma. J Clin Oncol. 2003;21(13):2564–73. https:// doi. org/ 10. 1200/ JCO. 2003. 12. 119.

 100. Del Vecchio M, Bajetta E, Canova S, Lotze MT, Wesa A, Parmiani G, Anichini A. Interleukin-12: biological properties and clinical application. 
Clin Cancer Res. 2007;13(16):4677–85. https:// doi. org/ 10. 1158/ 1078- 0432. CCR- 07- 0776.

 101. Sangro B, Melero I, Qian C, Prieto J. Gene therapy of cancer based on interleukin 12. Curr Gene Ther. 2005;5(6):573–81. https:// doi. org/ 
10. 2174/ 15665 23057 74964 712.

 102. Salem ML, Gillanders WE, Kadima AN, El-Naggar S, Rubinstein MP, Demcheva M, Vournakis JN, Cole DJ. novel nonviral delivery approaches 
for interleukin-12 protein and gene systems: curbing toxicity and enhancing adjuvant activity. J Interf Cytokine Res. 2006;26(9):593–608.

 103. Rakhmilevich AL, Timmins JG, Janssen K, Pohlmann EL, Sheehy MJ, Yang N-S. Gene gun-mediated IL-12 gene therapy induces antitumor 
effects in the absence of toxicity: a direct comparison with systemic IL-12 protein therapy. J Immunother. 1999;22(2):135–44.

 104. Kim H, Gao W, Ho M. Novel immunocytokine IL12-SS1 (Fv) inhibits mesothelioma tumor growth in nude mice. PLoS ONE. 2013;8(11): 
e81919. https:// doi. org/ 10. 1371/ journ al. pone. 00819 19.

 105. Birchler MT, Milisavlijevic D, Pfaltz M, Neri D, Odermatt B, Schmid S, Stoeckli SJ. Expression of the extra domain B of fibronectin, a marker 
of angiogenesis, in head and neck tumors. Laryngoscope. 2003;113(7):1231–7.

 106. Eckert F, Jelas I, Oehme M, et al. Tumor-targeted IL-12 combined with local irradiation leads to systemic tumor control via abscopal effects 
in vivo. Oncoimmunology. 2017;6(6): e1323161. https:// doi. org/ 10. 1080/ 21624 02X. 2017. 13231 61.

 107. Eckert F, Schmitt J, Zips D, et al. Enhanced binding of necrosis-targeting immunocytokine NHS-IL12 after local tumour irradiation in 
murine xenograft models. Cancer Immunol Immunother. 2016;65:1003–13. https:// doi. org/ 10. 1007/ s00262- 016- 1863-0.

 108. Morillon YM, Su Z, Schlom J, Greiner JW. Temporal changes within the (bladder) tumor microenvironment that accompany the therapeutic 
effects of the immunocytokine NHS-IL12. J Immunother Cancer. 2019;7:1–11. https:// doi. org/ 10. 1186/ s40425- 019- 0620-2.

 109. Strauss J, Heery CR, Kim JW, et al. First-in-human phase I trial of a tumor-targeted cytokine (NHS-IL12) in subjects with metastatic solid 
tumors. Clin Cancer Res. 2019;25(1):99–109. https:// doi. org/ 10. 1158/ 1078- 0432. CCR- 18- 1512.

 110. Cirella A, Luri-Rey C, Di Trani CA, et al. Novel strategies exploiting interleukin-12 in cancer immunotherapy. Pharmacol Ther. 2022;239: 
108189. https:// doi. org/ 10. 1016/j. pharm thera. 2022. 108189.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.4049/jimmunol.167.1.1
https://doi.org/10.1126/scitranslmed.aax7992
https://doi.org/10.1007/s00262-021-02947-y
https://doi.org/10.1007/s00262-021-02947-y
https://doi.org/10.1189/jlb.0602313
https://doi.org/10.1186/s12967-015-0479-z
https://doi.org/10.1186/s12967-015-0479-z
https://doi.org/10.1097/CMR.0000000000000289
https://doi.org/10.1097/CMR.0000000000000072
https://doi.org/10.1080/13547500902814658
https://doi.org/10.1080/13547500902814658
https://doi.org/10.1200/JCO.2003.12.119
https://doi.org/10.1158/1078-0432.CCR-07-0776
https://doi.org/10.2174/156652305774964712
https://doi.org/10.2174/156652305774964712
https://doi.org/10.1371/journal.pone.0081919
https://doi.org/10.1080/2162402X.2017.1323161
https://doi.org/10.1007/s00262-016-1863-0
https://doi.org/10.1186/s40425-019-0620-2
https://doi.org/10.1158/1078-0432.CCR-18-1512
https://doi.org/10.1016/j.pharmthera.2022.108189

	Interleukin-12 in multimodal tumor therapies for induction of anti-tumor immunity
	Abstract
	1 Introduction
	1.1 Biological activity of IL-12
	1.2 The development of IL-12 based therapies

	2 IL-12 therapy in combination with traditional methods
	2.1 The combination of chemotherapy and IL-12
	2.2 The combination of radiotherapy and IL-12
	2.3 The combination of surgery and IL-12

	3 IL-12 therapy in combination with targeted therapy
	3.1 Targeting VEGFVEGFR2 in combination with IL-12 therapy
	3.2 Targeting EGFRHER2 in combination with IL-12 therapy

	4 IL-12 therapy in combination with immunotherapy
	4.1 Immune checkpoint inhibitors in combination with IL-12 therapy
	4.2 CAR-T cells in combination with IL-12 therapy
	4.3 Cytokines in combination with IL-12 therapy

	5 Conclusion and prospects
	Acknowledgements 
	References


