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Abstract
Interleukin-12 (IL-12) is a type I cytokine involved in both innate and adaptive immunity that stimulates T and natural killer 
cell activity and induces interferon gamma production. IL-12 has been identified as a potential immunotherapeutic compo-
nent for combinatorial cancer treatments. While IL-12 has successfully been used to treat a variety of cancers in mice, it was 
associated with toxicity when administered systemically in cancer patients. In this review, we discuss the research findings 
and progress of IL-12 used in combination with other cancer treatment modalities. We describe different methods of IL-12 
delivery, both systemic and local, and ultimately highlight the potential of an in situ vaccination approach for minimizing 
toxicities and providing antitumor efficacy. This review offers a basis for pursuing an in situ vaccine approach that may 
eventually allow IL-12 to be more readily integrated as an immunotherapy into the clinical treatment of cancers.
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Introduction

Originally characterized in the early 1990s [1], IL-12 is a 
pro-inflammatory type I cytokine known for its potent acti-
vation of CD8 + T and natural killer (NK) cells and role in 
the increased production of interferon gamma (IFN-γ) [1]. 
Primarily acting within the tumor microenvironment (TME) 
when tumor-targeted [2], IL-12 has also been found to syn-
ergize with other cytokines and immunotherapeutic treat-
ments. While the biological and synergistic effects of IL-12 
have been shown to augment antitumor activity, IL-12 has 
also been associated with severe toxic side effects largely 
due to excessive systemic IFN-γ [3]. The success of IL-12 in 
preclinical models has encouraged ongoing research efforts 
to mitigate its toxicity via targeted delivery and increased 
local concentration within the TME. This review provides a 
molecular description of IL-12 and its role in the innate and 
adaptive immune responses. We discuss ongoing research 
efforts and challenges associated with integrating IL-12 into 
combinatorial cancer treatment regimens, demonstrating 

that these efforts have allowed IL-12 to become an increas-
ingly feasible immunotherapeutic treatment, particularly for 
its use in an in situ cancer vaccine. In an in situ vaccine, 
immunomodulating treatments are delivered in the tumor, 
thereby inducing local and systemic T cell responses against 
a patient’s tumor antigens.

Molecular and biological basis of IL‑12: 
structure, expression, regulation, 
and immune mechanisms

IL-12 is a type I cytokine that serves as the ligand of a 
receptor containing two amino acid chains: IL-12R-β1 and 
IL-12R-β2 [4]. The IL-12 receptor (IL-12R) is expressed 
either constitutively or in an inducible manner in several 
types of immune cells [5]; most notably, NK cells and T 
and B lymphocytes express the IL-12R [4]. IL-12 is a heter-
odimer comprised of a 35-kDa light chain known as p35 or 
IL-12α and a 40-kDa heavy chain known as p40 or IL-12β 
[6].

IL-12 production is induced by the interaction between 
CD40 on antigen-presenting cells (APCs) and CD40 ligand 
(CD40L) expressed on activated T cells [7]. IL-12 is pre-
dominantly produced by activated phagocytic cells [8] and 
dendritic cells (DC) [7], but also neutrophils and microglia 
[6]. It is known to be an enhancer of the proliferation and 
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cytotoxic activity of both CD8 + T cells and NK cells [8, 
9]. Once produced, IL-12 induces production of IFN-γ in T 
and NK cells [8] via activation of their IL-12Rs. Amplify-
ing signals such as IFN-γ, IL-15, or CD40-CD40L cell–cell 
interactions precede the optimal production of biologi-
cally active IL-12 [2]. Thus, the production of IFN-γ can 
be described as benefiting from a positive feedback loop 
in which the secretion of IFN-γ induces IL-12 production, 
and IL-12 further induces secretion of IFN-γ by APCs [2]. 
As opposed to IFN-γ or other amplifying signals, cytokines 
IL-10 and TGF-β1 have the opposite effect, downregulating 
IL-12 production [2].

Importantly, and to the interest of immunotherapeu-
tic research, IL-12 connects innate and adaptive immu-
nity  (Fig. 1). Produced during the inflammatory innate 
response, IL-12 directs naive CD4 + T cells toward T helper 
(Th) 1 differentiation by augmenting IFN-γ production [6]. 
Thus, IL-12 is an important regulator of adaptive, cell-medi-
ated immunity. IL-12 is also known to directly or indirectly 
(such as through IFN-γ) stimulate B cells, enhancing the 
production of IgG2a antibodies in mice [6].

Synergistic and therapeutic effects 
of IL‑12‑based combination treatments

Synergy with immune molecules and other 
therapies

IL-12 has been shown to synergize in its biological activ-
ity with several other cytokines, including tumor necrosis 
factor α, IL-2, IL-15, IL-18, and granulocyte–macrophage 
colony-stimulating factor (GM-CSF) [4, 10, 11]. The potent 
synergistic effects observed in IL-12/IL-2 treatment combi-
nations are especially well-studied. The interaction of these 
two cytokines involves the reciprocal upregulation of each 
other’s receptors using separate signaling pathways [11]. 
Alone, the two cytokines are each able to induce CD3 + T 
cell proliferation, IFN-γ production, and tumor cell death 
through NK and CD8 + T cell stimulation [11]. When used 
in combination, the synergistic effects of IL-12/IL-2 include 
the phosphorylation of signaling proteins and the augmen-
tation of activated T cell response [11]. While IL-2-based 
immunotherapy is better studied and has achieved FDA 
approval for cancer immunotherapy, IL-12 appears to have 
greater potency in many systems [12, 13]. Thus, the two 
cytokines are well-positioned to be studied in tandem given 
their unique and shared biological effects.

IL-12 synergizes with certain biological molecules to 
potentiate the immune response. In an in vitro study that 
co-administered B7-transfected L cells or certain anti-CD28 
antibodies with IL-12, a synergistic effect in activating 
human T cells was observed. The maximal levels of T cell 
proliferation obtained using IL-12 added to B7-transfected 
cells or certain anti-CD28 antibodies were higher than those 
obtained using IL-2 alone, even when IL-12 concentrations 
were 100 to 1000 times lower than effective concentrations 
of IL-2. [14]. Others demonstrated the synergistic relation-
ship between OX40 and IL-12 in three different tumor mod-
els [15]. Specifically, IL-12 signaling was shown to be criti-
cal for OX40-mediated CD4 + T cell survival and function.

IL-12 was also shown to synergize with other forms of 
cancer treatment, i.e., radiotherapy (RT) as will be detailed 
below, and chemotherapy. In regard to chemotherapy, it was 
shown that IL-12 and cyclophosphamide can synergize to 
eradicate large immunogenic tumors [16] which involves 
activation of T cells and macrophages [17].

Antitumor effects of IL‑12 as a vaccine adjuvant

A number of studies have combined IL-12 with cancer vac-
cines to mediate antitumor effects. One study using a combi-
nation-based immunotherapy regimen found that combining 
IL-12 with a cancer vaccine comprised of major histocom-
patibility complex (MHC) class II and CD80-transfected 

Fig. 1  Role of IL-12 in innate and adaptive immunity. IL-12 is pro-
duced by activated APCs. IL-12 acts predominantly on lymphocytes 
such as T and NK cells. Stimulation by IL-12 causes these cells to 
increase their secretion of IFN-γ, further activating tumor-suppress-
ing immune responses. IL-12 and IFN-γ amplifying signals enhance 
the cytotoxic activities of NK and CD8 + T cells and the cytokine 
response of CD4 + T cells. IL-10 and TGFβ produced in the TME 
inhibit secretion of IL-12. Created with BioRender.com
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tumor cells elicited the highest degree of T and NK cell 
activation, IFN-γ production, and antitumor effect against 
B16-derived lung metastases in mice [18]. In a murine B78-
H1 melanoma model, a vaccine containing JAWSII DCs (an 
immature DC line) plus IL-12 using three vaccination sched-
ules was superior to treatments using DCs or IL-12 given 
separately [19]. One group evaluated the effectiveness of the 
combined therapy of tumor lysate-pulsed DC immunization 
and IL-12 in inducing antitumor immunity in a mouse hepa-
tocellular carcinoma model [20]. The combined therapy, sys-
temically administered, resulted in either tumor rejection 
or significantly inhibited tumor growth compared to mice 
treated with the lysate-pulsed DCs alone. The combination 
therapy was shown to be dependent on CD8 + and CD4 + T 
cells but not NK cells, indicating that IL-12 had potentiated 
the therapeutic effect of immunization against hepatocel-
lular carcinoma in mice. In another study, mice challenged 
with either TSA mammary adenocarcinoma or C-26 colon 
adenocarcinoma cells engineered to release IL-2 received 
single or multiple intraperitoneal (i.p.) injections of recom-
binant IL-12 [21]. The combination of systemic recombinant 
IL-12 and locally released IL-2 led to a greater percentage 
of mice that later rejected these two different IL-2 gene-
transduced tumors. Several cases of tumor eradication after 
vaccine combination with IL-12 also indicated the crucial 
role IL-12 may have in overcoming tumor immune evasion 
mechanisms [20, 22]. IL-12 has been found to inhibit tumors 
via IFN-γ and T cell-dependent pathways and via suppres-
sion of angiogenesis [23, 24].

Noguchi et al. examined whether a combination of anti-
genic peptide 234CM in adjuvant QS-21 immunization and 
i.p. IL-12 treatment could suppress the growth of estab-
lished Meth A sarcoma tumors [25]. Results showed that 
the growth of Meth A was suppressed in IL-12-treated mice 
immunized with 234CM in QS-21 but not in IL-12-treated 
mice injected with either QS-21 or 234CM alone. Without 
IL-12 treatment, no tumor suppression was observed in mice 
vaccinated with 234CM in QS-21. However, it is impor-
tant to note the authors reported multiple toxic side effects 
caused by IL-12 in the mice in this regimen. Likely due to its 
systemic administration, mice given injections of 500 ng or 
more of IL-12 experienced weight loss, piecemeal necrosis 
of the liver, hepatosplenomegaly, and elevation of multiple 
serum enzymes, the latter of which was observed to persist 
for up to 4 weeks post-IL-12 injections and was seen in mice 
treated with doses as low as 0.1 ng of IL-12. These toxic 
side effects are a primary concern related to the systemic 
administration of IL-12 across experimental models [26–28] 
and the clinic [3], suggesting the need to use IL-12 in ways 
that cause less systemic exposure of IL-12; one such strat-
egy involves targeting IL-12 directly to the site(s) of tumor 
to maintain antitumor efficacy while minimizing systemic 
exposure and resultant toxicity.

Localized IL‑12 increases the likelihood of antitumor 
efficacy via use of immune checkpoint blockade

Immune checkpoint blockade has emerged as a “common 
denominator” treatment approach to a variety of cancer 
types including melanoma, kidney, lung, prostate, and 
several other cancers [29]. Combined, seven types of anti-
CTLA-4, anti-PD-1, and anti-PD-L1 monoclonal antibodies 
have been approved by the FDA [30] and represent some of 
the most practical and efficacious forms of cancer immuno-
therapy currently available. The improvement of response 
rates to immune checkpoint inhibitors could thus have 
important clinical impact. IL-12 has been identified as an 
immunotherapeutic agent that can augment the efficacy of 
checkpoint blockade therapy in several preclinical [31–36] 
and clinical trials [37, 38]. Garris et al. suggested the activa-
tion of antitumor effector T cells by anti-PD-1 is not direct 
but instead involves T cell:DC crosstalk and is licensed by 
IFN-γ and IL-12 [39]. In a phase II trial of intratumoral (i.t.) 
IL-12 DNA via plasmid electroporation combined with anti-
PD-1 antibody pembrolizumab in patients with non-immune 
infiltrated, “cold” melanoma, correlative analyses showed 
that the combination made these tumors more responsive 
to pembrolizumab [37]. Saha et al. demonstrated that an 
i.t. injected oncolytic virus expressing IL-12 can act syn-
ergistically with anti-CTLA-4 and anti-PD1 to cure murine 
glioblastoma in a manner dependent on CD4 + and CD8 + T 
cells as well as macrophages [33]. Encouraging preclini-
cal results were recently published following trial of an i.t. 
administered IL-12 mRNA-based therapy, suggesting the 
possible clinical benefit of human IL-12 mRNA as a novel 
treatment for patients otherwise unresponsive to immune 
checkpoint blockade [35]. A single dose of mouse IL-12 
(mIL-12) mRNA induced IFN-γ and CD8 + T cell-depend-
ent tumor regression in multiple mouse and tumor mod-
els [35]. I.t. mIL-12 mRNA increased PD-L1 expression 
on immune infiltrating cells in MC38-R tumors (a PD-L1 
blockade monotherapy-resistant model); combination of 
this i.t. mIL-12 mRNA with anti-PD-L1 enhanced antitu-
mor immunity, allowing most mice with complete responses 
to reject rechallenge of the same tumor [35]. In a GL-261 
glioblastoma model, i.t. IL-12 protein combined with anti-
CTLA-4 has been shown to elicit T cell-mediated tumor 
regression and strong immunologic memory. Monotherapy 
of i.t. IL-12 or i.p. anti-CTLA-4 alone resulted in only minor 
or no survival, respectively. When combined, i.t. IL-12 and 
systemic anti-CTLA-4 led to full remission in most mice 
[31].

Moreover, the potent effects of IL-12 in combination 
with checkpoint blockade have been studied within the con-
text of novel fusion proteins, or immunocytokines (ICs), 
which will be discussed in more detail below. In one study, 
the activity of a novel IC consisting of murine IL-12 and 
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L19 anti-fibronectin mAb (L19-mIL12) was potentiated by 
either CTLA-4 or PD-1 blockade, and the combination of 
L19-mIL12 with checkpoint blockade was potently active 
against murine CT26 carcinomas and WEHI-164 sarcomas 
[40]. The use of L19-mIL12 in this study demonstrated the 
importance of both targeted delivery and the synergistic 
potential of IL-12 with checkpoint blockade.

I.t. IL‑12 combined with RT induces local 
and systemic antitumor immunity

An important barrier to achieving higher complete response 
rates in patients receiving checkpoint blockade therapy is the 
immunosuppressive TME [41]. The delivery of ionizing RT 
to tumors not only induces cancer cell death through DNA 
damage [42] but has also been shown to promote the abil-
ity of DCs to cross-present tumor cell antigens to T cells 
[43]. Specifically, RT induces immunogenic cell death, upon 
which the release of antigens may drive the activation and 
migration of tumor-specific CD8 + T cells to both the irradi-
ated tumor site and to distant, untreated tumors (known as 
the “abscopal effect”) [43].

Growing evidence suggest that the combination of local-
ized IL-12 and RT may contribute toward an in situ vaccine 
effect [44–47]. The combination of stereotactic body RT 
with i.t. IL-12 microsphere immunotherapy was found to 
markedly reduce, and even cure, multiple preclinical murine 
models of pancreatic ductal adenocarcinoma [47]. The study 
found that an increase in IFN-γ production within the TME 
following administration of RT/IL-12 initiated suppressor 
cell reprogramming and an increase in CD8 + T cell acti-
vation. In KCKO-luc pancreatic tumors, the treatment was 
found to result in systemic tumor immunity capable of eradi-
cating distant metastases after rechallenge [47]. In a hepato-
cellular carcinoma mouse model, i.t. injection of an adeno-
viral vector encoding IL-12 (Ad/IL-12) combined with RT 
was found to be highly effective in reducing or eliminating 
large subcutaneous or orthotopic tumors; increased expres-
sion of MHC class II and co-stimulatory molecules CD40 
and CD86 on tumor-infiltrating DCs suggested improved 
antigen presentation activity [46]. Additionally, the treat-
ment significantly reduced the number of myeloid-derived 
suppressor cells in the TME, allowing for greater CD8 + T 
cell activation. Using CT26 tumors, the same Ad/IL-12 + RT 
treatment combination, but not Ad/IL-12 or RT alone, was 
able to completely suppress the growth of distant tumors in 
all mice [46]. Others demonstrated that the combination of 
murine IL-2, murine IL-12 gene therapy, and RT confers a 
potent antitumor immune response against head and neck 
squamous cell carcinoma in mice with evidence of CD8 + T 
cell infiltration in the TME [44].

Targeted delivery and in situ tumor 
vaccination as strategies to reduce IL‑12 
toxicity

As discussed above, the clinical use of systemically admin-
istered IL-12 has been curtailed by its dose-dependent toxic 
side effects. Although the combination of lower doses of 
systemic IL-12 with other cytokines and therapeutic modali-
ties has been found to achieve synergistic and reproducible 
antitumor immune responses, some of these treatment regi-
mens still result in high levels of systemic IFN-γ and can 
create a dangerous level of toxicity [2]. In humans, toxic 
side effects related to IL-12 include fatigue, dyspnea, stoma-
titis, acidosis, and gastrointestinal hemorrhage [3]. Serious 
adverse events, including deaths, have been associated with 
systemic administration of recombinant human IL-12 (rhIL-
12) [3]. While synergistic treatment combinations, targeted 
delivery methods, and in situ vaccination offer the potential 
for lower systemic IL-12 exposure with the possibility for 
clinical benefit and safety, the importance of the IL-12 dos-
ing regimen must also be noted. In a Phase 2 trial of rhIL-
12, two patient deaths were associated with the schedule of 
their rhIL-12 administration, which had been modified so 
that they received daily rhIL-12 doses without the single 
injection of rhIL-12 2 weeks prior that was employed in 
the Phase 1 trial [3]. These results revealed that a single 

Fig. 2  Methods of IL-12 delivery. Schematic representation of tar-
geted delivery and/or in  situ tumor vaccination strategies that have 
been used to deliver IL-12 to the TME with the potential to reduce 
IL-12-related toxicity. Created with BioRender.com
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primer injection of IL-12 has a major abrogating effect on 
subsequent IL-12-induced toxicity, although it also likely 
diminishes its antitumor efficacy.

The amount of IL-12 available at the tumor site is known 
to be critical in controlling the type and number of infiltrat-
ing leukocytes that can promote tumor regression [48]. Addi-
tionally, systemically administered IL-12 and its associated 
toxicity highlight the potential benefit of localized IL-12 
treatment. Furthermore, the relative instability and short 
half-life of IL-12 further support the potential benefit of 
localized IL-12 delivery directly to sites of tumor [2]. Thus, 
more attention is being focused on novel, tumor-targeted 
delivery methods of IL-12 to the TME (Fig. 2) to improve 
the antitumor effect and reduce toxicity [49]. Because tumor-
targeted IL-12 primarily acts within the TME as opposed to 
inducing systemic immune activation [2], it has been identi-
fied as a promising therapeutic approach for the treatment of 
cancer. Others have experimented with in situ vaccination as 
a method for local IL-12 delivery to tumors. In situ tumor 
vaccination is a therapeutic strategy in which immunoen-
hancing agents are delivered locally to one site of a tumor, 
thereby activating a local T cell immune response that then 
stimulates a systemic antitumor immune response [50–53]. 
Locally delivered IL-12 in the form of gene therapy has been 
shown to be effective against several tumor types [54], to be 
superior to several other cytokines [12], and to reduce the 
toxicity of IL-12 [55].

Immunocytokines

ICs are bioengineered molecules that link tumor-reactive 
monoclonal antibodies to cytokines that are able to activate 
immune cells in TME [56]. IC-based delivery of IL-12 has 
been found to achieve increased local concentration at the 
TME and thus circumvent the potentially toxic or deadly 
dose-limiting side effects caused by systemic administration 
of IL-12 [40]. One example of targeted IL-12 is the L19-
mIL-12 IC, made of IL-12 fused to a human antibody frag-
ment specific to the oncofetal ED-B domain of fibronectin 
[57]. In a mouse lung metastasis model and two other subcu-
taneous tumor models, the intravenously (i.v.) administered 
IC was found to have antitumor activity significantly supe-
rior to that of untargeted IL-12 [57]. I.v. L19-mIL12 was 
well tolerated in mice and more efficacious against CT26 
tumors than KSF-mIL12, an IC of irrelevant specificity used 
as a negative control [40].

Combining the technology of targeted delivery with the 
advantages of in situ vaccination, others have also studied 
the efficacy of i.t. injected ICs. An example of an antibody-
targeted bifunctional IC is KS-IL12/IL2, which combines 
regions of the anti-EpCAM antibody KS with both IL-12 
and IL-2 [58]. This IC was designed to utilize the syner-
gistic potential of the individual cytokines IL-12 and IL-2 

[58]. The KS-IL12/IL2 IC was able to induce the complete 
regression of bulky LLC lung tumors expressing EpCAM 
when injected i.t.—a more favorable outcome than that of 
using a combination of KS-IL12 and KS-IL2 [58]. Moreo-
ver, the authors found that i.t. injected KS-IL12/IL2 led to 
demonstrably greater tumor regression than i.v. administra-
tion. Importantly, this study also showed that i.t. injection 
induced a level of systemic IFN-γ approximately 10 times 
lower than that induced by i.v. administration despite the fact 
that i.t. injection demonstrated significantly greater antitu-
mor efficacy. This study provides compelling evidence to 
suggest the benefits of tumor-targeted in situ vaccination as a 
method of IL-12 delivery. Particularly when combined with 
other treatments in a manner that may confer a synergistic 
effect, limitations of untargeted IL-12 administration may 
be overcome with the fusion of cytokines to tumor-targeted 
antibodies. Thus, a first-in-human phase I trial of an NHS-
IL12 IC was recently conducted and showed no toxicity, 
which suggests combining it next with checkpoint blockade 
for better antitumor efficacy [59].

Oncolytic Viruses

The utility of combining IL-12 with other immunomodula-
tory agents into a single immunotherapy product has also 
been explored in oncolytic viruses to aid in generating a 
more potent in situ immune response [60]. Kim et al. tested 
an oncolytic virus-based cancer vaccine in which IL-12 
and GM-CSF were co-expressed in Herpes simplex virus 
1 (HSV-1) [61]. I.t. administration of the novel oncolytic 
HSV-1 in a B16-F10 murine melanoma model inhibited 
tumor growth and prolonged survival compared to treatment 
with HSV-1 expressing either cytokine (IL-12 or GM-CSF) 
alone, demonstrating the synergistic effect of the combina-
torial treatment. When administered together, IL-12 and 
GM-CSF were found to increase antigen presentation and 
T-cell activation. GM-CSF, a hematopoietic growth factor 
which reduces hematological toxicity, proved to be crucial in 
attenuating IL-12-associated toxicity [61]. In another study, 
Nakao et al. showed that i.t. injection of a tumor-selective 
oncolytic vaccinia virus encoding IL-7 and IL-12 (hIL-7/
mIL-12-VV) activated an inflammatory immune response 
in several poorly immunogenic murine tumor models and 
resulted in complete tumor regression even at distant tumor 
sites [62]. It is of clinical interest that hIL-7/mIL-12-VV 
was found to upregulate PD-L1 expression on tumor cells, 
priming and sensitizing both directly treated and distant 
tumors to anti-PD-1 and anti-CTLA4 immune checkpoint 
blockade antibodies [62]. Combination treatments of hIL-7/
mIL-12-VV and immune checkpoint blockade were tolerated 
in these preclinical studies without indications of cytokine 
storm despite the extent of tumor regression, likely due in 
part to local viral delivery via i.t. administration.



2062 Cancer Immunology, Immunotherapy (2022) 71:2057–2065

1 3

Controlled‑release polymers

The use of biodegradable controlled-release polymers in 
in situ vaccinations has previously been described [63, 64]. 
One study examined the feasibility of biodegradable polymer 
microspheres as a clinically viable alternative to systemic 
IL-12 therapy and IL-12 gene-modified cell vaccines for the 
treatment of cancer [63]. The authors found that i.t. injec-
tion of murine IL-12-loaded biodegradable polymer micro-
spheres, but not human polyethylene glycol-IL-2 nor murine 
GM-CSF-loaded microspheres, promoted tumor regres-
sion, inhibited spontaneous metastasis, and contributed to 
the development of tumor-specific immunity in a weakly 
immunogenic murine lung alveolar cell carcinoma model. 
This study demonstrated the importance of local and sus-
tained IL-12 release, finding that 53% of tumors regressed 
completely after i.t. microsphere delivery, while none of the 
tumors regressed when microspheres were injected on the 
contralateral flank of the tumor-bearing mice. Additionally, 
the IL-12-loaded microspheres were shown to be the supe-
rior delivery method to bolus injections of free IL-12, since 
a single i.t. injection of free IL-12 at a dose equal to that 
delivered by the microspheres resulted in the regression of 
only 20% of tumors. In the same study, systemic/i.p. delivery 
of free IL-12 resulted in an even worse outcome, where no 
tumors regressed.

Another group experimented with i.t. injection of IL-12 
co-formulated with the biodegradable polysaccharide chi-
tosan [64]. The co-formulation not only increased local 
retention of IL-12 by up to 4 days but also increased com-
plete tumor regression from ≤ 10% (weekly i.t. injections of 
IL-12 alone) of established MC32a and Panc02 tumors to 
80% and 100%, respectively. Furthermore, this in situ chi-
tosan/IL-12 immunotherapy was well tolerated and gener-
ated systemic tumor-specific immunity, where more than 
80% of cured mice were at least partially protected from 
tumor rechallenge. I.t. injection of IL-12 co-formulated with 
chitosan seems especially feasible as a clinical alternative to 
systemic injections of IL-12, which have proven to be toxic 
in both preclinical [65, 66] and clinical studies [3, 67]. Given 
the use and safety of chitosan-based antiviral vaccines in the 
clinic [68], chitosan/IL-12 is one example of an in situ vac-
cination approach that holds promise for clinical translation 
in cancer patients.

Conclusions and perspectives

Due to the potentially lethal and dose-limiting toxicities 
associated with its systemic administration, recombinant 
IL-12 is not FDA-approved for the treatment of cancers. 
Controlled and tumor-targeted delivery is a major focus 
of IL-12-related research that offers a potential path to a 

less toxic and more effective IL-12-facilitated antitumor 
response [2]. Several of these approaches have already 
advanced to clinical trials [69–71]. Specifically, in recent 
clinical trials, IL-12 was delivered as NHS-IL-12 fusion 
protein for targeting to the necrotic part of metastatic solid 
tumors [59] or as a recombinant cytokine injected locally 
in combination with cetuximab in patients with head and 
neck tumors [72]; in both of these phase I and I/II clinical 
trials, acceptable tolerability and encouraging antitumor 
results were observed. In several other recent clinical tri-
als, IL-12 was used in plasmids: as local regulatable gene 
therapy for treatment of glioma [73], i.t. via electropora-
tion (Tavo) in patients with melanoma [74], and as adju-
vant with a tumor vaccine [75]. Importantly, it was shown 
with i.t. delivery via electroporation that IL-12 functioned 
as an in situ vaccine inducing a systemic immune response 
[74, 76] and achieved complete responses in 17.9% of 
patients [76]. Adaptive immune resistance (increased 
expression of PD-L1) limited the responses to IL-12 in 
that study [76]. Subsequently, the same group showed a 
benefit of combining this same IL-12 approach with PD-1 
blockade (pembrolizumab) achieving complete responses 
in 36% of melanoma patients [37].

In designing better methods of delivery, achieving high 
local concentration of IL-12, and reducing IL-12-related 
toxicity, some have innovated IL-12-linked ICs, or fusion 
proteins [57, 58]. Through genetic engineering, bifunctional 
fusion proteins are also able to take advantage of synergistic 
relationships between cytokines and may eventually make 
IL-12 administration a more viable option in the clinic 
[58]. I.t. injection of IL-12-containing IC has been shown 
to induce significantly less systemic IFN-γ production than 
i.v. administered IL-12 IC [58], suggesting the benefit of an 
in situ vaccine approach in minimizing toxicities. The suc-
cess of several other IL-12 in situ tumor vaccination strate-
gies, including oncolytic viruses and in combination with 
RT, provides further rationale for the benefit of an in situ 
vaccine approach in delivering IL-12 to the TME. Other 
research involves i.t. injected IL-12 co-formulations that 
enhance antitumor response by increasing local retention of 
IL-12 in the TME and generating systemic tumor-specific 
immunity [63, 64]. Several sustained, local release delivery 
methods, including IL-12 encapsulation in polymeric micro-
spheres [47, 63] and IL-12 incorporation into liposomes 
[77], have been investigated. Given the clear role of IL-12 
in inducing tumor regression and antitumor immunity, and 
its role in enhancing immune checkpoint blockade therapy 
in mice [31, 33, 35, 37] and cancer patients [37], the distinct 
advantages of tumor-targeted delivery and/or in situ vac-
cination should be further explored to mitigate the current 
toxicities associated with systemic administration that limit 
the clinical use of IL-12.
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