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Abstract

It is a challenge to effectively reactivate preexisting tumor-infiltrating lymphocytes (TILs) without 

causing severe toxicity. IL-12 can potently activate lymphocytes, but its clinical use is limited 

by its short half-life and dose-related toxicity. In this study, we developed a tumor-conditional 

IL-12 (pro-IL-12), which masked IL-12 with selective extracellular receptor binding domains of 

the IL-12 receptor, while preferentially and persistently activating TILs after being unmasking 

by matrix metalloproteases expressed by tumors. Systemic delivery of pro-IL-12 demonstrated 

reduced toxicity but better control of established tumors compared to IL-12-Fc. Mechanistically, 

antitumor responses induced by pro-IL-12 were dependent on TILs and IFNγ. Furthermore, direct 

binding of IL-12 to IL12R on CD8+, not CD4+, T cells was essential for maximal effectiveness. 

Pro-IL-12 improved the efficacy of both immune checkpoint blockade and targeted therapy when 

used in combination. Therefore, our study demonstrated that pro-IL-12 could rejuvenate TILs, 

which then combined with current treatment modalities while limiting adverse effects for treating 

established tumors.
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A tumor-specific pro-IL-12 rejuvenated preexisting TILs to induce tumor growth delay without 

inducing systemic toxicity.

Introduction

IL-12 plays a critical role in modulating the tumor immune environment, including 

activating and expanding TILs. IL-12 is a heterodimeric cytokine (75 kDa) composed of 

two different polypeptide chains, an α-chain (p35 subunit) and a β-chain (p40 subunit), 

which are covalently linked by a disulfide bond. A functional IL-12 receptor complex is 

composed of two β-type cytokine receptor subunits (1). Mouse IL-12 receptor β1 is the 

subunit primarily responsible for high affinity binding to IL-12, and the expression of 

IL-12 receptor β2 alone is insufficient to mediate IL-12 responsiveness (2). The systemic 

administration of recombinant mouse IL-12 elicits potent antitumor effects in numerous 

mouse models (3). IL-12 is a critical cytokine for helper T cell differentiation and antibody 

production (4). Additionally, IL-12 stimulates the effector functions of activated T cells 

and natural killer (NK) cells via induction of cytotoxic enzymes and cytokines, mainly 

interferon-gamma (IFNγ) (3, 5). Local expression of IL-12 in the tumor can result in 

faster tumor rejection and the generation of antitumor memory immune responses (6–11). 

Unfortunately, the systemic administration of IL-12 at therapeutic doses is limited due to 

its short half-life in vivo and lethal on-target, off-tumor side effects (12, 13). Therefore, 

significant efforts have been invested in developing an IL-12 that can be preferentially 

delivered to the tumor microenvironment (TME), such as immunocytokines that couple 

IL-12 to antibodies against tumor-associated antigens (14–16). However, in these designs, 

either extremely high or specific expression of tumor antigens is required. Additionally, 

some cytokines are always unintentionally bound and consumed before reaching the TME 

due to interactions with high-affinity receptors on various immune cells (17). Moreover, 

targets that are not neoantigens can be expressed on non-tumor cells, which consume the 

cytokines (11). Therefore, systemic administration of IL-12 to treat well-established tumors 

without causing severe toxicity remains a challenge.

There is a clear need to develop a next generation of cytokines that are engineered to 

preferentially activate within the tumor, allowing them to have both increased efficacy 

and reduced toxicity. Matrix metalloproteases (MMPs) are zinc-dependent endopeptidases 

that degrade extracellular matrix (ECM) proteins to break barriers for cancer invasion 

and metastasis (18–21). Clinical studies and murine models have demonstrated that 

MMPs are highly expressed in both primary and metastatic tumors, as well as tumor-

associated myeloid cells (22–25). Some groups utilized tumor-specific MMP expression by 

designing protease-activated antibodies (pro-antibodies) that connect masking peptides to 

the antibodies via an MMP susceptible linker (26). However, due to the difficulties of short 

peptides to completely block antibodies and their strong immunogenicity, it is challenging 

to evaluate the competency and durability of pro-antibodies. We proposed that the use of 

high-affinity subdomains within endogenous receptors could overcome both limitations. In 

this study, we designed a new pro-IL-12 consisting of IL-12 masked by IL-12 extracellular 

receptor binding domains that could be released using an MMP cleavable linker. It appeared 

that this pro-IL-12 could be preferentially activated inside the TME, with limited systemic 

Xue et al. Page 2

Sci Immunol. Author manuscript; available in PMC 2022 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sequelae. Thus, pro-IL-12 could be more effective than existing IL-12 designs in targeting 

and treating tumors while limiting side effects.

Results

IL-12-Fc fusion proteins potently control tumor growth

To explore if IL-12 levels in the TME had a differential effect on cancer patient prognosis, 

we used data from The Cancer Genome Atlas (TCGA) to compare overall survival for high 

vs. low IL-12B expression in several tumors, including colon cancer, breast cancer, and 

melanoma (Supplementary Fig. 1A–C). In all three cases, high IL12B expression correlated 

with superior survival and a hazard ratio <0.7 compared to low IL12B expression, indicating 

that high levels of IL-12 within the TME could lead to improved patient outcomes. 

Therefore, we decided to engineer an IL-12 that could accumulate within the TME and 

then assessed the potentially improved tumor control in mouse tumor models.

Our first improvement of IL-12 was a fusion with the human immunoglobulin Fc domain 

to extend in vivo half-life as well as simplify the purification process. To that end, we 

constructed and compared homodimer and heterodimer versions of IL-12-Fc-fusion proteins 

(homo-IL-12-Fc and hetero-IL-12-Fc). These designs consisted of two subunits of mouse 

IL-12 linked to the N-terminus of Fc in parallel or series, respectively (Fig. 1A). We 

then produced the fusion proteins by using the 293F cell line, purified them with a 

protein A-Sepharose column, and analyzed them by reducing and non-reducing sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). After confirming that both 

hetero-IL-12-Fc and homo-IL-12-Fc were expressed as the expected stable fusion proteins 

(Supplementary Fig. 2A), we set out to determine how their activity compared to that of 

recombinant mouse IL-12 (rmIL-12). Using Hek-Blue™ IL-12 cells, which could quantify 

the bioactivity of human and murine IL-12, we observed that both hetero-IL-12-Fc and 

homo-IL-12-Fc induced STAT-4 signaling in a dose-dependent manner, similar to rmIL-12 

(Fig. 1B). These data demonstrated that the addition of Fc did not reduce the in vitro activity 

of IL-12, and in fact, might increase potency in vivo by prolonging its half-life. Then, we 

analyzed the antitumor activity of recombinant IL-12 (rIL-12) and IL-12-Fc using MC38, an 

immunogenic murine tumor model. Compared to equimolar doses of conventional rIL-12, 

hetero-IL-12-Fc presented more effective tumor elimination and prolonged mouse survival 

(Supplementary Fig. 2B and 2C).

We next tested the in vivo antitumor activity of homo-IL-12-Fc and hetero-IL-12-Fc using 

a series of doses to determine the minimum effective schedule. We hypothesized that 

homo-IL-12-Fc with its increased avidity would be more potent than hetero-IL-12-Fc. Mice 

bearing established MC38 tumors were treated with various doses of each fusion protein 

intraperitoneally (i.p.). Both hetero-IL-12-Fc and homo-IL-12-Fc could eradicate the tumor 

in a dose-dependent manner. But unexpectedly, hetero-IL12-Fc required a much lower 

dose for similar results (Fig. 1C, 1D). To confirm these findings, we directly compared 

the two fusion proteins within the same experiment. Hetero-IL12-Fc demonstrated greater 

potency than homo-IL-12-Fc in controlling MC38 tumor growth at equimolar dose (Fig. 

1E). To determine if these fusion proteins could also control poorly immunogenic tumors, 

we performed a similar experiment using B16-F10. Once again, we observed that both 
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proteins could control tumor growth and that hetero-IL-12-Fc was more potent than homo-

IL-12-Fc at equimolar dose (Fig. 1F). These findings could be explained by differences 

in clearance kinetics in vivo. Consistent with that hypothesis, hetero-IL-12-Fc exhibited 

higher levels of stability and bioactivity over time when compared to homo-IL-12-Fc, as 

determined by serum concentration and in vitro activity after the incubation with serum 

(Supplementary Fig. 3A and 3B). The additional disulfide-bond of p35-p40 might allow 

hetero-IL-12-Fc to have greater in vivo stability, leading to superior antitumor potency. 

Therefore, hetero-IL-12-Fc was the better candidate for further design iterations. Despite 

their effective antitumor activity, both hetero-IL-12-Fc and homo-IL-12-Fc caused cytokine 

storms in mice (Supplementary Fig. 3C and 3D). The toxicity was most likely because their 

active site was exposed during the circulation, allowing for on-target, off-tumor activation of 

immune cells.

Pro-IL-12 shields IL-12 activity in vitro and minimizes systemic toxicity in vivo

One approach that has been used to minimize immune related adverse events during 

immunotherapy is the development of pro-antibodies that remain inactive in healthy tissue 

until a tumor-associated protease cleavage event unmasks them (27). Taking inspiration 

from theses pro-antibodies, we asked whether it was possible to design a next-generation 

pro-IL-12 that was inactive in circulation and preferentially activated inside tumor tissues. 

Pro-IL-12 would consist of a long peptide-masking domain to block IL-12 activity in 

circulation, a protease cleavage domain to release the masking domain within the TME, 

IL-12, and an Fc domain to increase the half-life. For our masking domain, we decided to 

use portions of the endogenous IL-12 receptor to utilize naturally generated high affinity 

interactions without introducing potentially immunogenic sites. For our protease cleavage 

domain, we decided on MMPs as our protease of choice based on reports that extraordinarily 

high levels of active MMP within tumors can cleave shielding peptides to expose fluorescent 

substrates (28–30). In particular, MMP14 is a membrane-bound MMP expressed on tumor 

cells and inflammatory cells that is greatly enriched inside the TME, with minimal leakage 

out of the TME (31, 32). MMP-14 was significantly enriched in most human solid tumors 

but not adjacent normal tissues (Supplementary Fig. 4A). The amino acid sequence substrate 

of SGRSENIRTA recognized by MMP14 was chosen as the cleavable substrate linker. For 

the MMP hydrolysis efficiency of this peptide sequence, MMP14 is 79%, while MMP2 is 

4%, and MMP9 is 9% (33). Thus, the SGRSENIRTA substrate was highly MMP14-specific. 

We hypothesized that pro-IL-12 would be mostly inactive due to the specific binding of the 

receptor domains before cleavage, and then switched to an active state in the TME after 

cleavage by MMP14.

For our final design, we selected the binding motifs of the cytokine-binding homology 

region (CHR) in the extracellular domains (ECD) of IL-12 receptor β1 and linked 

them to the N-terminus of hetero-IL-12-Fc via a cleavable MMP14 substrate sequence 

(Supplementary Fig. 4B). We purified pro-IL-12 and analyzed the product by reducing 

and non-reducing SDS-PAGE (Supplementary Fig. 4C). Our data showed that pro-IL-12 

produced by 293F cells was precisely the expected size and isolated with high purity, and 

pro-IL-12 serum half-life was similar to that of hetero-IL-12-Fc (Supplementary Fig. 4D). 

Because cytokine stability was the prerequisite for broader and more reliable translational 
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application, we further tested the stability and activity of pro-IL-12 after long-term storage 

and observed that pro-IL-12 activity was well maintained at 4 °C for at least 6 months 

(Supplementary Fig. 4E).

To determine whether the chosen ECD of IL-12Rβ1 could sufficiently block IL-12 activity, 

we performed a Hek-Blue™ IL-12 reporter assay with purified pro-IL-12, which showed a 

10-fold decrease of IL-12 activity compared to hetero-IL-12-Fc (Supplementary Fig. 5A). 

Sterically linking the receptor via a protein linker allowed IL-12Rβ1 to bind to IL-12 more 

effectively by holding it in place, but even then, there was a limitation to the blocking 

efficiency (Supplementary Fig. 5A). To strengthen self-blockade, we also constructed a 

pro-IL-12 containing both Rβ1 and Rβ2 domains (pro-R1R2). The data (Supplementary Fig. 

5B) showed that pro-R1R2 could further block IL-12 bioactivity up to 100-fold. However, 

pro-R1R2 also had reduced antitumor efficacy in vivo (Supplementary Fig. 5C). To achieve 

a balance of efficacy and toxicity, we chose Rβ1 for pro-IL-12 empirically. To determine 

the restored pro-IL-12 activity after cleavage and separation from the ECD, pro-IL-12 was 

incubated with rhMMP14 at 37°C overnight. The subsequent byproduct showed almost 

100% cleavage by Western Blot and greatly increased IL-12 activity as measured by Hek-

Blue™ IL-12 reporter assay (Fig. 2A, 2B). Moreover, we compared the antitumor effect 

of pro-IL-12 containing a cleavable MMP linker, SGRSENIRTA, with that containing a 

non-cleavable G4S linker. Cleavable pro-IL-12 significantly inhibited tumor growth, while 

non-cleavable (Nsub) pro-IL-12 showed reduced antitumor efficacy in vivo (Supplementary 

Fig. 5D). This result demonstrated that the cleavable MMP-sensitive sequence enhanced 

pro-IL-12’s bioactivity in vivo.

We next investigated whether pro-IL-12’s reduced activity in vitro translated to reduced 

toxicity in vivo. Mice bearing large, established MC38 tumors were treated with hetero-

IL-12-Fc, pro-IL-12, or PBS control, at a high dose via i.p. injection. High levels of 

serum inflammatory cytokines, including IFNγ, TNFα, IL-6, and IL10, were observed 

in the hetero-IL-12-Fc treated group six hours after the final treatment. In contrast, mice 

treated with pro-IL-12 showed significantly reduced levels of IFNγ (Fig. 2C), while other 

serum inflammatory cytokines also showed a decreasing trend (Supplementary Fig. 5E). We 

detected the IL-12 associated inflammation in mice organs, such as the liver. Hetero-IL-12-

Fc induced significant immune cell infiltration in liver tissue. In contrast, pro-IL-12 resulted 

in no liver inflammation comparable to untreated control mice (supplementary Fig. 5F). 

We also compared body weight changes and observed that mice from the hetero-IL-12-Fc 

group started to lose weight quickly after the first treatment. However, the body weight of 

mice treated with pro-IL-12 remained mostly unchanged throughout the treatment (Fig. 2D). 

These data suggested that masking hetero-IL-12-Fc with ECD of IL-12 receptor β1 reduced 

toxicity when administered systemically.

Pro-IL-12 still effectively controls both primary and metastatic tumors

After demonstrating that pro-IL-12 was less toxic than hetero-IL-12-Fc, we wanted to 

know if it was at least as good if not better at controlling tumors due to preferential 

activation within the TME. To assess how well pro-IL-12 accumulates in the TME, MC38 

tumor-bearing mice were injected i.p. with pro-IL-12, and the fusion protein level in various 
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tissues was examined by ELISA. As anticipated, pro-IL-12 had a significantly greater 

concentration in the tumor as compared to a few non-tumor tissues (Fig. 3A). Additional 

bioluminescence data showed that pro-IL-12 intensified within tumor tissue after tail vein 

injection, further supporting our hypothesis (Supplementary Fig. 6A). In melanoma patients 

treated with rhIL-12, a robust and prolonged increase of IFNγ is associated with favorable 

clinical responses (34). To examine if pro-IL-12 not only accumulated within the TME but 

also was bioactive, we quantified the level of IL-12 related cytokines within tumor tissue 

after the treatment. MC38 tumor-bearing mice treated with pro-IL-12 exhibited sustained 

level of intratumoral IFNγ for at least 4 days following the treatment (Supplementary Fig. 

6B). Furthermore, pro-IL-12 increased other pro-inflammatory cytokines in the tumor, such 

as TNF (Supplementary Fig. 6C).

Upon confirming that pro-IL-12 preferentially resided in the TME and generated a sustained 

cytokine response, we explored whether those characteristics translated to differences in 

antitumor efficacy in vivo. Mice bearing MC38 tumors were treated with pro-IL-12, hetero-

IL-12-Fc, or PBS control by i.p. injection. At low doses, pro-IL-12 and hetero-IL-12-Fc 

were both capable of initially suppressing primary tumor growth and extending mouse 

survival (Fig. 3B and 3C). Pro-IL-12 reduced toxicity and had greater antitumor efficacy 

than hetero-IL-12.

The potency of pro-IL-12 in vivo led us to characterize it in various refractory tumor 

models further. For a poorly immunogenic and cold tumor model, we treated B16-F10 

tumor-bearing mice with hetero-IL-12-Fc, pro-IL-12, and PBS control by i.p. injection. In 

this case, we observed effective tumor control by both hetero-IL-12-Fc and pro-IL-12, and 

prolonged survival of mice over the control group (Fig. 3D and 3E). For a metastatic tumor 

model, we used 4T1 mammary carcinoma, which can spontaneously metastasize from the 

primary tumor 10 days after local implantation (35). We treated the mice bearing metastatic 

4T1 with pro-IL-12, hetero-IL-12-Fc, or PBS control prior to surgical removal of the local 

tumor 16 days post inoculation as a neoadjuvant strategy. The mice could not survive with 

surgery alone. But we found that both preoperative hetero-IL12 and pro-IL-12 treatment 

significantly extended mouse survival, with 82% of pro-IL-12 treated mice remaining tumor-

free 130 days post treatment (Fig. 3F). These data suggested that pro-IL-12 could effectively 

control tumor growth.

Pro-IL-12 efficacy is mediated by preexisting intratumor T cells

Among its various functions, IL-12 provides essential signals for the activation, functional 

activity, and survival of NK cells and T cells (36). To identify crucial cellular responders 

to pro-IL-12, we first assessed the relative contribution of innate immunity, including NK 

cells, and adaptive immunity, including T cells, to the pro-IL-12 induced antitumor response. 

MC38-bearing Rag1 KO mice lacking adaptive immune cells and WT C57BL/6N mice 

were treated with pro-IL-12 or PBS control. Unlike in WT mice, where pro-IL-12 could 

eliminate tumors, the therapeutic effect of pro-IL-12 was abolished in Rag1 KO mice 

(Fig. 4A and 4B). This result suggested that innate immune cells were not sufficient, 

whereas adaptive immune cells were completely indispensable for pro-IL-12 antitumor 

effects. To account for the possibility that Rag1 KO mice had inherent defects in their 
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innate immune cells, we examined individual innate immune cells by a series of cell 

depletion in MC38 tumor-bearing WT mice treated with pro-IL-12. We observed that 

neither the depletion of NK cells (Supplementary Fig. 7A) nor neutrophils affected the 

therapeutic effects of pro-IL-12 (supplementary Fig. 7B). IL-12 reprograms inhibitory cells 

such as tumor-associated macrophages (TAMs) via switching immunosuppressive M2-like 

macrophages to a pro-immunogenic M1-like phenotype (37, 38). To confirm if IL-12-driven 

macrophages were necessary to control tumors, we depleted them using Clophosome. After 

macrophage depletion, we unexpectedly observed that the therapeutic function of pro-IL-12 

still persisted (supplementary Fig. 7C), suggesting that macrophages were not required for 

pro-IL-12 tumor control. As a whole, these results revealed that innate immunity was not 

sufficient for pro-IL-12 therapy.

Most studies show that IL-12 induced antitumor immune responses can be attributed to Th1 

cells when considering adaptive immune cells (39–41). It is widely accepted that IL-12 can 

activate CD4+ T cells for their antitumor activity, thus driving strong Th1 immunity that is 

required for strong CTLs. When we used both anti-CD8 and anti-CD4 depletion antibodies 

together during pro-IL-12 treatment, the efficacy of pro-IL-12 was entirely diminished (Fig. 

4C). To determine which of these T cell subsets was also important in the context of 

pro-IL-12, we depleted either CD4+ or CD8+ T cells alone in MC38-bearing mice before 

treating them with pro-IL-12. The therapeutic effects of pro-IL-12 treatment persisted after 

CD4+ T cell depletion (Supplementary Fig. 7D). But when we depleted the CD8+ T cells, 

the therapeutic effects were largely abolished (Supplementary Fig. 7E). These data revealed 

that the therapeutic effect of pro-IL-12 was dependent on T cells, with CD8+ T cells playing 

a more significant role.

These T cells can potentially originate from two primary sources: preexisting T cells inside 

tumor tissues or newly activated T cells migrating from peripheral lymphoid tissues into 

the tumor. FTY720, a sphingosine 1-phosphate (S1P) receptor agonist, can potently inhibit 

naïve and effector lymphocytes’ egression from the LN into the circulation and peripheral 

tissues, limiting migration of primed T cells into tumor tissues (42). To determine whether 

preexisting intratumoral T cells were sufficient for pro-IL-12 therapy, we used FTY720 to 

inhibit migratory T cells from entering the TME. MC38-bearing mice were given FTY720 

one day before pro-IL-12 treatment and every other day during the therapy, and few T 

cells were detected among PBMCs after treatment. Antitumor effects of pro-IL-12 were still 

well maintained under FTY720 treatment (Fig. 4D), indicating that preexisting T cells are 

sufficient for pro-IL-12 therapy.

IFNγ is necessary for pro-IL-12 induced antitumor effects.

For preexisting intratumoral T cells to mediate tumor rejection, it was most likely the 

case that pro-IL-12 could either directly or indirectly activate tumor-specific CTLs. To 

monitor the effect of pro-IL-12 on tumor-specific T cells, MC38-OVA tumor-bearing mice 

were treated with pro-IL-12 or PBS control by intratumoral (i.t.) injection. Cells were then 

isolated from tumor draining lymph nodes (DLN) and co-cultured with OTI or non-related 

control peptides. An IFNγ ELISPOT assay showed significantly more IFNγ producing 

cells in the DLN of pro-IL-12 treated mice than in the control group (Supplementary 
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Fig. 7F). The OVA-tetramer analysis also showed an increase in tumor-specific CD8+ T 

cells within the tumor (Supplementary Fig. 7G), suggesting that pro-IL-12 could yield 

a more robust tumor-specific CD8+ T cell response. PD-1+Tim-3+ T cells are highly 

dysfunctional compared to PD-1– Tim-3– antigen-specific CD8+ T cells in tumors. Worse 

prognosis is associated with high-level expressions of PD-1 and Tim-3 in patients’ tumors 

(43–45). In tumor-bearing mice after pro-IL-12 treatment, we observed that the frequency 

of PD-1+ Tim-3+ OVA-specific CD8+ T cells in tumors was reduced, and the frequency and 

absolute number of PD-1− TIM3− OVA-specific CD8+ T cells were significantly enhanced 

(Supplementary Fig. 8A, 8B and 8C). Moreover, the absolute number of PD-1− Tim-3− 

Ki-67+ OVA-specific CD8+ T cells was increased after pro-IL-12 treatment, which was 

not observed in PD-1+ Tim-3+ Ki-67+ CD8+ T cells (Supplementary Fig. 8D and 8E). 

We also quantified Tregs by FACS analysis after pro-IL-12 therapy. Pro-IL-12 treatment 

significantly reduced the Tregs in the TME (Supplementary Fig. 8F and 8G). Together, these 

data suggested that pro-IL-12 expanded functional CTLs and restricted the development of 

exhausted T cells in the TME.

Mechanistically, the binding of IL-12 to T cells caused a cascade of phenotypic changes, 

including pro-inflammatory cytokine production. Among the cytokines induced by IL-12, 

IFNγ was most highly expressed (Supplementary Fig. 3D) and best associated with 

favorable clinical outcomes (34). To observe how pro-IL-12 affected IFNγ production 

by CTLs, MC38-OVA-bearing mice were treated with pro-IL-12 or PBS control by i.p. 

injection, and tumor tissue was examined via flow cytometry. Indeed, the ratio and the 

absolute number of CD8+ IFNγ+ T cells inside the tumor were both significantly increased 

on day 4 in the pro-IL-12 treatment group compared to the PBS group (Fig. 4E and 

Supplementary Fig. 7G). To investigate whether IFNγ release plays a crucial role in tumor 

control, we treated MC38 tumor-bearing mice with an IFNγ-specific neutralizing antibody 

along with pro-IL-12 therapy. Following the IFNγ neutralization, the antitumor activity of 

pro-IL-12 was abolished entirely, and the tumor became resistant to pro-IL-12 treatment 

(Fig. 4F). These results implied that IFNγ was essential for pro-IL-12 induced antitumor 

therapeutic effects.

IL-12R on CD8+ T cells but not CD4+ T cells is required for tumor rejection

After determining the essential role of IFNγ for pro-IL-12 therapy, we wanted to ascertain 

the major cellular source of the cytokine. IL-12 receptors are primarily expressed on T and 

NK cells, and both cell types produce IFNγ in response to IL-12 (46–48). To test the relative 

contribution of T and NK cell subsets to extracellular IFNγ levels after the stimulation with 

IL-12, we cultured splenocytes from C57BL/6 mice ex vivo after excluding CD3+, NK1.1+, 

CD4+, or CD8+ cells by FACS. We then added PBS or hetero-IL12-Fc and incubated 

the cells for 48h before measuring IFNγ in the media. As expected, the hetero-IL12-Fc 

treatment caused a dramatic increase in IFNγ levels when administered to bulk splenocytes 

compared to PBS control (Fig. 5A). This effect was completely abrogated by excluding all 

T cells (-CD3), suggesting a limited role of NK cells in producing IFNγ. Consistent with 

that finding, the exclusion of NK cells did not have a significant effect on IFNγ. In contrast, 

exclusion of CD4+ T cells (-CD4) reduced IFNγ levels by about 30% and exclusion of 

CD8+ T cells (-CD8) reduced IFNγ levels by almost 80% (Fig. 5A). These results were 
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consistent with our previous depletion data, which showed an essential role of CD8+ T cells 

for pro-IL-12 efficacy in tumor control (Supplementary Fig. 7E).

However, in this system, it was still unclear if IL-12 acts directly on CD8+ T cells or acts 

on another cell type such as Th1 helper cells to stimulate CD8+ T cells in a cascade of 

effects through a second messenger. To more directly determine the contribution of IL-12 

binding to IL-12R on CD4+ and CD8+ T cells, we purified both cell types from the spleens, 

either WT or IL12Rβ2−/− C57BL/6 mice, and mixed them ex vivo in all four combinations. 

IL12Rβ2 contains the signaling domain of the IL12R heterodimeric complex, so these 

IL12Rβ2−/− cells are completely deficient in IL-12 signaling (49). Once again, the cells were 

incubated with either PBS or IL12-Fc and we measured media IFNγ 48 hours later (Fig. 

5B). Strikingly, IL12Rβ2−/− CD8+ cells mixed with WT CD4+ cells produced a minimal 

amount of IFNγ after treatment with IL12-Fc compared to PBS treated control. In contrast, 

WT CD8+ cells mixed with IL12Rβ2−/− CD4+ cells generated almost as much IFNγ as the 

full WT control. These results suggested that the vast majority of IFNγ produced following 

IL-12 treatment came from direct binding to CD8+ T cells, with only minor contributions 

from CD4+cells.

To confirm that this phenotype was physiologically relevant to the antitumor effect of 

pro-IL-12, we adoptively transferred either WT CD4+ and IL12Rβ2−/− CD8+ cells or 

IL12Rβ2−/− CD8+ and WT CD4+ cells to RAG1 KO mice before inoculating with MC38 

and treating with pro-IL-12. Mice lacking IL12R on CD8+ cells showed partial tumor 

control before ultimately succumbing to the tumor challenge (Fig. 5C and 5D). However, 

mice lacking IL12R on CD4+ cells showed significant tumor regression, with half of the 

mice achieving complete tumor-free survival for more than 50 days. As a whole, these data 

showed that IL12R expression on CD8+ T cells was not only necessary for maximal IFNγ 
production but it was also sufficient for in vivo tumor control.

Pro-IL-12 combined with TKI therapy to induce robust tumor regression

TUBO is a HER2/neu-dependent mammary carcinoma derived from BALB/c mice 

transgenic with the rat neu oncogene. The TUBO model, representative of cold 

tumors, presents similarly to clinical EGFR/HER2-driven tumors with poor response to 

immunotherapy due to insufficient TILs (50–53). Unlike the B16-F10 and MC38 tumor 

models, pro-IL-12 failed to control even partially established TUBO tumors (Fig. 6A). 

EGFR TKIs function by directly blocking oncogenic signals to induce tumor cell death 

(53), enhancing tumor immunogenicity or innate sensing, and resulting in increased TILs. 

Second and third-generation EGFR-TKI therapy can rapidly reduce tumor burden in patients 

with EGFR- or Her2-dependent cancers, but a high relapse rate becomes the major clinical 

problem. In mice, as in human, TKI therapy partially delayed established TUBO tumor 

growth, but all the treated tumors relapsed later (Supplementary Fig. 9A). We measured 

and compared the frequency and the absolute number of T cells inside the TUBO tumor 

six days after TKI treatment, and we found that TILs were significantly increased in TKI 

treated mice (Fig. 6B). We proposed that additional pro-IL-12 treatment could work together 

with enhanced TIL responses from TKI therapy to treat cold tumors in which monotherapy 

was insufficient. We compared pro-IL-12 or TKI alone to TKI combined with pro-IL-12 by 
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administering TKI every four days by gavage and pro-IL-12 every two days by i.p injection. 

We observed that the combination treatment could effectively control tumor growth, prevent 

tumor relapse, and prolong the survival of mice, compared to both TKI and pro-IL-12 alone 

(Fig. 6C and 6D). The effect of this combined treatment was abolished by T cell depletion 

(Fig. 6C and 6D). Oncogene-driven tumors often resist immunotherapy. Our data suggested 

that pro-IL-12 could overcome resistance to TKI targeted therapy in patients with advanced 

EGFR/HER2-dependent tumors in a T-cell dependent manner.

Pro-IL-12 combined with anti-PD-L1 to induce robust tumor regression

Immune checkpoint blockades (ICBs) such as anti-PD-1/PD-L1 are well recognized for their 

efficacy against a broad range of tumors, but many patients develop the resistance even 

after initial responses. There is an urgent need to overcome both primary and secondary 

resistance. Like many clinical responders, mice bearing advanced MC38 tumors partially 

respond to but ultimately develop resistance to ICB therapy. One possible explanation for 

why ICB alone is insufficient to control tumor growth is that simply removing suppression 

may not restore sufficient immunity against the tumor, and additional T cell cytokines are 

needed to sustain antitumor immunity. Given the impressive ability of pro-IL-12 to enhance 

tumor-specific T cell responses, we evaluated whether pro-IL-12 therapy could improve the 

function of ICB. IL-12 could induce IFN that increases PD-L1 on tumor tissues to regulate 

T cell function negatively. Therefore, we hypothesized that anti-PD-L1 could be improved 

with pro-IL-12.

To detect whether PD-L1 expression was increased in tumor tissue after pro-IL-12 treatment, 

we isolated and analyzed tumor cells (CD45−), DCs (CD11C+ MHCII+), MDSCs (CD45+ 

CD11b+ Gr-1+), and macrophages (CD45+ CD11b+ F4/80+) within the TME. We observed 

the upregulation of PD-L1 in all of these cells in the pro-IL-12 treated mice compared to 

the control group (Supplementary Fig. 9B and 9C). This result indicated that pro-IL-12 

promoted tumor-specific T cell responses, accompanied by increased PD-L1 expression in 

the TME. To determine whether pro-IL-12 could prevent tumor relapse after anti-PD-L1 

treatment, we inoculated mice with MC38 and treated them with pro-IL-12 every two days, 

anti-PD-L1 every three days, or both by i.p. injection. We observed that the combination 

of pro-IL-12 with anti-PD-L1 resulted in complete tumor rejection and prolonged survival 

of mice, which was superior to either treatment alone (Fig. 6E and 6F). These data thus 

demonstrated that pro-IL-12 could overcome resistance to ICB and that the combination of 

PD-L1 blockade therapy with pro-IL-12 led to maximal antitumor activity. Overall, these 

data revealed the therapeutic potential of pro-IL-12 for advanced tumors in combination 

with anti-PD-L1 treatment in the clinic.

Human pro-IL-12 exhibits the same characteristics as mouse pro-IL-12

Mouse IL-12 is structurally similar to human IL-12, but the two molecules are not identical. 

To determine whether our pro-IL-12 design is translatable to human use, we first created a 

human hetero-IL-12-Fc (hu-het-IL-12) using human IL-12 subunits. When administered to 

human peripheral blood mononuclear cells (PBMCs), hu-het-IL-12 induced high levels of 

IFNγ production, similar to mouse het-IL-12-Fc (Supplementary Fig. 10A). Importantly, 

CD8+ PBMCs alone produced much higher levels of IFNγ than CD4+ PBMCs alone 
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(Supplementary Fig. 10A), mimicking our data with mouse splenocytes. We then created 

an analogous pro-IL-12 using human IL12Rβ1 (hu-pro-IL-12) and tested its activity in 
vitro using Hek-Blue™ IL-12 reporter cells (Supplementary Fig. 10B). Hu-pro-IL-12 had 

approximately 4-fold less activity than both recombinant human IL-12 and hu-het-IL-12, 

and its activity was fully restored after incubation with recombinant MMP14. Concerned 

that the blocking efficiency was lower than that of murine pro-IL-12, we also generated 

a human pro-IL-12 using ECD from both human IL12Rβ1 and IL12Rβ2 (R1/R2-hu-pro-

IL12). R1/R2-hu-pro-IL-12 had a 32-fold lower activity than both recombinant human 

IL-12 and hu-het-IL12, and its activity was still rescued after incubation with recombinant 

MMP14 (Supplementary Fig. 10C). Using a humanized mouse model, we looked to see if 

human pro-IL-12 could induce human immune cells to reject human tumors. We inoculated 

immunodeficient NSG mice with the immunogenic HCT116-cGAS human colon cancer cell 

line, reconstituted them i.v. with human cord blood mononuclear cells, and treated them with 

three equimolar doses of hu-IL12-Fc, R1/R2-hu-pro-IL-12, or PBS control. Compared to the 

untreated control, the IL12-Fc and prodrug treated groups showed a significant reduction in 

tumor size, suggesting antitumor immune activation (Supplementary Fig. 10D). Although 

both IL-12-treated groups displayed treatment-related body weight loss, the prodrug-treated 

group recovered within 10 days of the final dose, whereas the IL12-Fc group remained 

low body weight during the entire experiment. Altogether, human pro-IL-12 showed similar 

blocking/restoration characteristics as murine pro-IL-12, induced IFNγ from the same cell 

types, and successfully mediated tumor rejection, giving further support to the clinical 

viability of our design.

Discussion

IL-12 is a potent inducer of cell-mediated immunity that can stimulate the effector functions 

of activated T cells and NK cells to reject solid tumors. The release of cytotoxic enzymes 

and cytokines, mainly IFNγ, from T and NK cells mediates a favorable immune phenotype 

in the TME and is reportedly required for maximal antitumor efficacy (3–5). However, 

clinical administration of IL-12 has been limited due to its short half-life, low efficacy, and 

dose-limiting systemic toxicity (12, 13). Our study developed a tumor-conditional pro-IL-12 

to overcome the limitations of current IL-12 based therapies and provided a framework for 

future pro-cytokine designs. We first generated a recombinant IL-12-Fc fusion protein to 

extend the in vivo half-life of IL-12. From that structure, we further engineered a pro-IL-12 

whose active site was blocked by IL-12’s natural extracellular receptor binding domains. 

The bioactivity of pro-IL-12 could be recovered when an MMP cleavable peptide linker 

was cut by tumor-enriched MMP14. We observed that pro-IL-12 significantly reduced 

serum inflammatory cytokines, did not incur body weight loss, and generated a sustained 

proinflammatory environment within the tumor. Systemic treatment with pro-IL-12 resulted 

in effective tumor control and prolonged mouse survival in three separate tumor models. 

Mechanistically, this next-generation IL-12 acted directly on preexisting, intratumoral, 

tumor-specific CD8+ T cells causing them to release IFNγ within the TME. Pro-IL-12 

could improve outcomes when combined with both TKI targeted therapy and ICB therapy, 

suggesting that it might be used in tandem with existing therapies to improve response rates 

in challenging patients.
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Until now, the most pressing barrier preventing IL-12 from reaching clinical viability is 

its severe toxicity. The frequent systemic and subcutaneous administration of recombinant 

IL-12 has shown dose-dependent severe adverse events resulting from binding to peripheral 

receptors on circulating immune cells (46). Fc-fused IL-12 extended half-life in vivo 
and induced high levels of serum inflammatory factors. This outcome is consistent with 

previously reported clinical toxicity caused by rapidly increased proinflammatory cytokines, 

such as IFNγ, TNFα, and IL-6 (54). Local delivery of pleiotropic cytokines is one way 

to avoid the overwhelming “cytokine storm” while still preserving antitumor effector 

mechanisms. In fact, intratumor injection of IL-12 can be remarkably more effective for 

tumor rejection and generation of antitumor memory immune responses (6–11). Currently, 

most attempts at generating a tumor-targeting IL-12 are immune-cytokines that couple IL-12 

to antibodies against tumor-associated antigens (14–16). However, these immune-cytokines 

are limited by the specificity of their antibody targets and could also bind to the same 

antigen expressed on non-tumor cells, causing off-target toxicity. Some immune-cytokines 

have been found in all tissues in mice 2–3 days after i.v. administration (11). Additionally, 

immune-cytokines can be consumed in the periphery before reaching the TME due to 

competing interactions with high affinity receptors of cytokines on various circulating 

immune cells (17). To overcome these weaknesses, we constructed a next-generation pro-

IL-12, whose binding to receptor-expressing cells could be spatially manipulated to prevent 

peripheral inflammation while preserving potent antitumor effects.

Our pro-IL-12 was preferentially cleaved and activated by MMP14 enriched in tumors, 

allowing precise IL-12 activity inside tumors with limited systemic toxicity. Unlike similar 

studies with pro-antibodies that utilize synthetic peptides to block antibody bioactivity (26, 

55–57), pro-IL-12 used its natural receptor binding domain to cover IL-12 reversibly and 

avoided host immunogenicity. After incubation with MMP14 in vitro, pro-IL-12 was almost 

completely cleaved, and IL-12 activity was significantly recovered. In vivo, pro-IL-12 had 

significantly reduced serum inflammatory cytokines and negligible weight loss compared 

to het-IL-12-Fc when administered to mice. Finally, pro-IL-12 maintained potent antitumor 

effects with increased quantity and activity of tumor-specific T cells within the TME, 

leading to the tumor clearance.

Locally administered IL-12 has been previously reported to reverse the tumor 

immunosuppressive microenvironment. This reversion can be through converting 

suppressive TAMs to cytotoxic macrophages (58) or altering the suppressive activities of 

tumor-associated MDSC (59). By depleting different subtypes of immune cells in the MC38 

mouse colorectal cancer model, we found that the therapeutic effect of pro-IL-12 also did 

not require NK cells or CD4+ T cells but depended on CD8+ T cells. Mechanistically, 

IL-12 is thought to indirectly act on CTLs through Th1 polarization of CD4+ T cells. 

While the role IL-12 plays in Th1 polarization has been relatively well studied (47), the 

relative importance of IL-12 direct signaling in CD8+ T cells is still not fully understood. 

Surprisingly, we found that IL-12 binding to CD4+ T cells only had a minor contribution to 

IFNγ levels and was not necessary for complete tumor control. In contrast, direct binding 

of pro-IL-12 to CD8+ T cells was essential for maximal IFNγ production and antitumor 

efficacy. Therefore, IL-12 signaling on CD8+ T cells was both necessary and sufficient for 

tumor clearance after treatment with pro-IL-12.
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CD8+ T cell infiltration and activation within the tumor are strongly correlated with better 

prognosis in the clinic and preclinical tumor models (50). Some oncogene-driven cancers 

with poor T cell infiltration do not respond to immunotherapy but are sensitive to targeted 

therapy (50, 51, 60). ICB has become the major clinically utilized immunotherapy, but most 

patients fail to achieve complete tumor-free survival (61–63). We observed that IL-12 could 

rejuvenate TILs to and work in tandem with ICB therapy.

Various strategies have been attempted to improve IL-12 antitumor efficacy with reduced 

toxicity. For example, in current clinical trials, intra-tumor delivery of IL-12 via plasmid or 

viral vectors has demonstrated that locally delivered IL-12 can generate systemic adaptive 

immune responses, activate or reactivate tumor-infiltrating CD8+ T cells, and lead to 

primary tumor control and inhibition of metastases (6–11). The advantage of our approach 

was that we could utilize systemic delivery methods while still achieving a tumor-specific 

local response, allowing for the treatment of poorly accessible tumors.

In conclusion, we developed a next-generation IL-12 pro-cytokine with a superior half-

life, limited peripheral toxicity, tumor-targeted activation, and potent antitumor efficacy 

compared to recombinant IL-12. With its ability to increase and activate tumor-specific 

CTLs within the tumor, pro-IL-12 could treat tumors in various settings. Moreover, its 

design was highly modular and easily usable as a framework for other cytokines and 

engineered fusion proteins. Overall, pro-IL-12 therapy improved upon nearly all limitations 

of existing IL-12 designs, holding high translational promise for antitumor immunotherapy.

Materials and Methods

Study Design:

This study aimed to explore whether and how optimizing next-generation IL-12 could treat 

tumors while limiting toxic side effects. Mouse tumor models were used to assess the 

anti-tumor efficacy of IL-12-Fc and pro-IL-12 by tumor growth and survival, and toxicity by 

body weight loss, inflammatory cytokine production, and histology. We produced IL-12-Fc 

and pro-IL-12 as a comparison using the 293F expression system. The tumor-bearing mice 

were assigned to different groups by tumor size (the average size is similar among different 

groups). The sample size is specified in each figure legend, and samples were not blinded or 

randomized during experiments or analysis.

Mice

Female (6–10-weeks-old) BALB/c and C57BL/6N mice were purchased from Vital River 

Laboratories (Beijing, China) or The Jackson Laboratory (Bar Harbor, Maine). C57BL/6N 

Rag1 KO mice were purchased from the model animal research center of Nanjing University 

or The Jackson Laboratory. C57BL/6N IL12Rβ2 KO and NSG mice were purchased 

from The Jackson Laboratory. All mice were maintained under specific pathogen-free 

conditions in the animal facilities of the Institute of Biophysics and the University of 

Texas Southwestern Medical Center. Animal care and experiments were carried out under 

institutional protocol and guidelines. All studies were approved by the Animal Care and Use 
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Committee of the Institute of Biophysics and the University of Texas Southwestern Medical 

Center.

Tumor inoculation and treatments

5×105–1×106 of MC38, 7–8×105 of MC38-OVA, 2.5–5×105 of B16-F10, 5×105 of TUBO 

cells, or 4×106 of HCT116-cGAS were injected subcutaneously into the right flank of 6–

10-week-old mice. 1.5×105 of 4T1 cells were injected into the mammary fat pad. Tumor 

volumes were measured twice a week and calculated by length× width× height/ 2. After 

the tumor was established, mice were treated with three intraperitoneal injections PBS, 

3.33pmol of hetero-IL-12-Fc, homo-IL-12-Fc, and pro-IL-12, respectively, every two days 

for three times unless otherwise indicated. To block lymphocyte trafficking, mice were 

injected intravenously with 25 μg of FTY720 one day before pro-IL-12 treatment. For 

the 4T1 tumor model, the primary tumor was surgically removed on days 16, 3.33pmol 

pro-IL-12 was given post-surgery. For depletion of CD8+ T cells and CD4+ T cells, 200 

μg of anti-CD8 Ab (TIB210) or anti-CD4 Ab (GK1.5) was injected i.p. beginning with 

pro-IL-12 treatment every 3 days for a total of three doses. Anti-NK1.1 Ab (PK136) was 

injected i.p. at a dose of 400 μg, beginning with pro-IL-12 treatment every 3 days for a 

total of three doses. Anti-Ly-6G Ab (1A8) was injected i.t. at a dose of 50μg one day 

before pro-IL-12 treatment every 3 days for three doses in total. Clophosome (100μl/mouse) 

was injected one day before pro-IL-12 treatment every 3 days for a total of two doses. 

Anti-IFNγ (XMG1.2) was i.p. injected 500 μg/mouse one day before pro-IL-12 treatment. 

For the IL12Rβ2 KO adoptive transfer experiments, spleens were extracted from donor 

mice, homogenized, treated with ACK RBC lysis buffer, and sorted using EasySep™ Mouse 

CD8+ (19853, STEMCELL) or CD4+ (19852, STEMCELL) T Cell Isolation Kit according 

to manufacturer’s protocol. ~7×106 CD4+ and ~3.5×106 CD8+ cells were then transferred 

via i.v. tail vein injection to each recipient mouse 6 days before MC38 inoculation. 

For humanized mouse experiments, ~8×106 human cord blood mononuclear cells were 

transferred via i.v. retro-orbital injection 7 days after HCT116-cGAS inoculation.

Production and characterization of IL-12 prodrug fusion proteins

For both human and mouse IL-12, the p35 and p40 were fused to the N-terminus of hIgG-Fc 

via a (G4S)3 linker, respectively, to generate the hetero-IL-12-Fc. Three repeats of G4S 

were used to establish conformational flexibility (64) for heterodimer p35-p40 assembly. 

The heterodimerization of p35 and p40 was facilitated by the knobs-into-holes design of Fc, 

which technique was reported previously (65). P40 was fused to the “Knobs” (T366W) Fc 

(CH2CH3), and p35 was linked to the “Holes” (T366S, L368A, and Y407V) Fc. For the 

expression of hetero-IL-12-Fc, two plasmids, one encoding p35-(G4S)3 linker-hole Fc and 

the other encoding p40-(G4S)3 linker-knob Fc, were transiently co-transfected in HEK293F 

cells. For the expression of homo-IL-12-Fc, one plasmid in the format of p40-(G4S)3 

linker-p35-(G4S)3 linker-WT human IgG Fc was transfected into HEK293F cells. For the 

generation of pro-IL-12, two plasmids, one encoding p35-(G4S)3 linker or R2-ECD-linker-

p35-(G4S)3) linker-hole Fc and the other encoding R1 ECD-linker-p40-(G4S)3 liner-knob 

Fc were inserted into pEE12.4 vector (Lonza). Both plasmids were transiently co-transfected 

in HEK293F cells to form either pro-IL12 with R1 or pro-IL12 with R1 and R2. The linker 

between ECD and p35 or p40 subunits is a 10-amino acid protease-cleavable substrate 
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(SGRENIRTA (33)), which can be cleaved by MMP14 and is flanked by flexible G4S 

peptides on both sides. Pro-IL-12-Nsub is identical to other designs of pro-IL-12, except 

SGRENIRTA is replaced with G4S. Supernatants were collected on day 7 after transfection. 

The fusion protein was purified using a Protein A-Sepharose column according to the 

manual (Repligen Corporation) and analyzed by reducing and non-reducing sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

Quantitative biodistribution studies

Biodistribution of pro-IL-12 in various tissues after 2.4 μg pro-IL-12 was i.p. injected into 

MC38 tumor-bearing mice. ELISA was performed to quantify the amount pro-IL-12 in each 

homogenate, normalized by total tissue weight. Human Fc was used as a biomarker in the 

ELISA, which would not detect endogenous mouse IL-12.

Fluorescence imaging

Fluorescent dyes with maleimide active groups can be coupled to biological molecules with 

sulfhydryl groups such as polypeptides, proteins or small molecules. Pro-IL-12 was labeled 

with Cy5.5 and purified by washing away the unbound Cy5.5. 10 μg fluorescently-labeled 

pro-IL-12 was then injected via tail vein into C57BL/6 mice bearing subcutaneous MC38 

tumors. The accumulation of Cy5.5-labeled protein within tumors was measured by the in 
vivo imaging system (IVIS) Spectrum (PerkinElmer). The fluorescence imaging data were 

analyzed by Living Image software (PerkinElmer).

Cell lines and reagents

Invitrogen™ FreeStyle™ 293-F Cells (R79007) were grown in SMM 293-TI medium 

(M293TI, Sino Biological) or EX-CELL® 293 Serum-Free Medium (14571C, Sigma 

Aldrich). B16-F10, MC38, and 4T1 cells were purchased from ATCC. MC38-OVA was 

selected from single-cell clones after being transduced by lentivirus-expressing the OVA. 

TUBO was cloned from a spontaneous mammary tumor in a BALB/c Neu-transgenic 

mouse (66). HCT116-cGAS was generated as previously described. TUBO, MC38, B16-

F10 were cultured in 5% CO2 and maintained in vitro in Dulbecco’s modified Eagle’s 

medium, supplemented with 10% heat-inactivated fetal bovine serum, 2mmol/l L-glutamine, 

0.1mmol/l Minimum Essential Medium nonessential amino acids, 100U/ml penicillin, and 

100mg/ml streptomycin. 4T1 cells, purified mouse splenocytes, and human PBMCs (70025, 

STEMCELL) were maintained in vitro in complete RPMI 1640 medium, supplemented 

with 10% heat-inactivated fetal bovine serum. Hek-Blue™ IL-12 cells require two kinds 

of cell culture medium. The growth medium is the complete DMEM with 100 mg/ml 

Normocin™, and the test medium is the growth medium with extra HEK-Blue™ Selection. 

All cell lines were routinely tested using a mycoplasma contamination kit (R&D). Anti-CD8 

Ab (TIB210), FcγRII/III blocking Ab (2.4G2), anti-CD4 Ab (GK1.5), and anti-NK1.1 Ab 

(PK136), anti-IFNγ Ab (XMG1.2), anti-Ly-6G Ab (1A8), and Anti-PD-L1 Ab (10F.9G2) 

were purchased from Bio X Cell (USA). The TKI-Afatinib was purchased from Shanghai 

Bojing Chemical Co., Ltd FTY720 was purchased from Sigma.
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Flow cytometric analysis

Tumor tissues were collected, cut into small pieces, and re-suspended in digestion buffer 

(RPMI-1640 medium with 1 mg/ml type IV collagenase and 100 μg/ml DNase I). Tumors 

were digested for 45 min at 37 °C, then passed through a 70μm cell strainer to make 

single-cell suspensions. Cells suspended in FACS buffer (1% bovine serum albumin and 

0.05% NaN3) were blocked with anti-CD16/32 Ab (anti-FcγIII/ II receptor, clone 2.4G2) 

for 30 min (Supplementary Fig. 11F) and then stained with specific antibodies for 30 min 

on ice. For intracellular IFNγ, KI67, Foxp3 staining, samples were fixed, permeabilized, 

and stained with anti-mouse IFNγ, anti-mouse KI67 or anti-mouse Foxp3. DAPI or LIVE/

DEAD™ fixable yellow dye (ThermoFisher) was used to exclude dead cells. Samples 

were analyzed on a FACSCalibur or Fortessa flow cytometer (BD Biosciences). Data were 

analyzed using FlowJo software (TreeStar).

Measurement of IFNγ-secreting T cells by ELISPOT assay

Draining lymph nodes (DLNs) from tumor-bearing mice were isolated, and single-cell 

suspensions were prepared. Cells isolated from draining lymph nodes were co-cultured 

with 5μg/ml OTI or negative control peptide for 48 hours. The IFNγ production was 

determined with an IFNγ ELISPOT assay kit according to the manufacturer’s protocol (BD 

Biosciences). The cytokine spots were enumerated with the Immuno-Spot Analyzer (CTL).

In vitro digestion conditions for pro-IL-12

Recombinant hMMP-14 (R&D Systems) was activated by rhFurin in an Activation Buffer 

(50 mM Tris, 1 mM CaCl2, 0.5% (w/v) Brij-35, pH 9.0) at 37 °C for 2 hours. Pro-IL-12 

was co-cultured with activated rhMMP14 in an Assay Buffer (50 mM Tris, 3 mM CaCl2, 

1 μM ZnCl2, pH 7.5) at 37 °C overnight. Protein cleavage was confirmed by Western-Blot 

analysis. Pro-IL-12 was only pre-treated with protease for in vitro cleavage tests and not at 

any other point.

Hek-Blue™ IL-12 reporter assay

Hek-Blue™ IL-12 reporter cell line was purchased from InvivoGen. These cells were 

generated by stably introducing the human genes of the IL-12 receptor and IL-12 signaling 

pathway into HEK293 cells. For detecting IL-12 biological activity, Hek-Blue™ IL-12 

reporter cells were incubated overnight at 37°C with different IL-12 fusion protein samples 

(hetero-IL-12-Fc, homo-IL-12-Fc, or pro-IL-12) serial-diluted 5-fold from 13.3μM. The 

levels of secreted embryonic alkaline phosphatase (SEAP) in cell culture supernatants were 

determined using a spectrophotometer at 630–650 nm.

Measurement of IFNγ by ex vivo/in vitro stimulation

Spleens were extracted from mice, homogenized, and treated with ACK RBC lysis buffer 

to collect mouse splenocytes. Cells were then sorted by FACS using a FACSMelody™ 

(BD) with antibodies against CD45 (30-F11), CD3Ɛ (145–2C11), CD4 (GK1.5), CD8α 
(53–6.7), and NK1.1 (PK136) or by MACS using EasySep™ Mouse CD8+ or CD4+ T Cell 

Isolation Kits (STEMCELL). 1–2×104 sorted cells were then incubated on 96-well u-bottom 

plates pre-coated with anti-CDƐ (145–2C11) antibody and cultured in complete RPMI 
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containing 0.01–0.1μg IL-12-Fc or an equivalent volume of PBS. After 48 hours incubation, 

IFNγ was measured by CBA using Mouse IFNγ Flex Set (558296, BD) according to the 

manufacturer’s protocol. For human PBMCs, cells were sorted by MACS using EasySep™ 

Human CD8+ (17953, STEMCELL) or CD4+ (17952, STEMCELL) T Cell Isolation Kits 

according to manufacturer’s protocol. 1×104 sorted cells were then incubated on 96-well 

u-bottom plates in complete RPMI with ImmunoCult™ Human CD3/CD28 T Cell Activator 

(10971, STEMCELL), adding either 0.1μg of hu-IL-12-Fc or an equivalent volume of PBS. 

After 48 hours incubation, IFNγ was measured by R&D Human IFN-gamma DuoSet™ 

ELISA Kit (DY285B, Fisher) according to the manufacturer’s protocol.

Patient data analysis

An online database Kaplan–Meier plotter (http://bioinfo.henu.edu.cn/DatabaseList.jsp) was 

used to generate the survival plot (67–69).

Statistical analysis

All analyses were performed using GraphPad Prism statistical software (GraphPad Software 

Inc., San Diego, CA). A two-way analysis of variance (ANOVA) was used to analyze tumor 

growth, with post hoc Tukey’s multiple comparison to compare main column effect or 

Sidak’s multiple comparisons test to compare each column effect if significant. Survival 

analysis was done using Log-rank test. All the other data were analyzed using unpaired 

two-tailed t-tests or one-way ANOVA with Tukey’s multiple comparisons. A value of P < 

0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. IL-12-Fc fusion proteins potently control tumor growth.
(A) Schematic structure of hetero-IL-12-Fc and homo-IL-12-Fc.

(B) Activity of fusion proteins as detected by the Hek-Blue™ IL-12 reporter cell line. 

Reporter cells were cultured with serial dilutions of each protein for 24 hours. In the 

cell culture supernatant, secreted embryonic alkaline phosphatase (SEAP) was detected by 

reading the OD value at 630nm with a microplate reader.

(C-D) Tumor growth curves of C57BL/6N mice inoculated with 5×105 MC38 cells and then 

teated with indicated doses of homo-IL-12-Fc (n=5/group): 66.7pmol, 13.3pmol, 6.67pmol. 

PBS (n=5) (C). Hetero-IL-12-Fc: 6.67pmol (n=14), 1.33pmol (n=13), 0.27pmol (n=10). PBS 

(n=14) (D) by i.p. injection three times (days 13, 16, and 19). Tumor size was measured 

twice per week.

(E) Tumor growth curves of C57BL/6N mice (n=9/group) inoculated with 5×105 MC38 

cells and then treated with PBS, 6.67pmol homo-IL-12-Fc or hetero-IL-12-Fc fusion protein 

by i.p. injection on days 13, 16, and 19.

(F) Tumor growth curves of C57BL/6N mice (n=9/group) inoculated with 3×105 B16-F10 

cells and then treated with PBS, 33.3pmol hetero-IL-12-Fc or homo-IL-12-Fc fusion protein 

by i.p. injection on days 10, 13, and 16.
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Data indicate mean ± SEM and are repeated two or three independent experiments. 

Statistical analysis for E and F was performed using A two-way analysis of variance 

(ANOVA).*P <0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Fig. 2. Pro-IL-12 shields IL-12 activity in vitro and reduces systemic toxicity in vivo.
(A-B) Successful cleavage of pro-IL-12 by MMP14. 5μg of each pro-IL-12 fusion protein 

was co-cultured with or without 200ng activated MMP14 at 37°C overnight. The MMP14-

digested pro-IL-12 under different conditions was analyzed by Western Blot (A) and Hek-

Blue™ IL-12 reporter cell line (B).

(C) Serum IFNγ levels of C57BL/6N mice (n=9/group) bearing MC38 tumors after 

treatment with PBS, 33.3pmol of hetero-IL-12-Fc or pro-IL-12. Serum was collected six 

hours after the third injection and measured by Cytometric Bead Array (CBA).

(D) Body weight loss of C57BL/6N mice (n=9/group) inoculated with 5×105 MC38 cells 

and then treated with PBS, 33.3pmol of hetero-IL-12 or pro-IL-12 by i.p. injection on days 

10, 13, and 16. Mouse body weight was measured every two days, starting from day 0 of the 

first injection.

Data indicate mean ± SEM and are repeated two or three independent experiments. 

Statistical analysis for C was performed using unpaired two-tailed t-tests.*P <0.05, **P 

< 0.01, ***P < 0.001, and ****P < 0.0001.
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Fig. 3. Pro-IL-12 could effectively control both primary and metastatic tumors.
(A) Biodistribution of pro-IL-12 in various tissues after 2.4 μg pro-IL-12 was injected i.p. 

into MC38 tumor-bearing mice (n=6/group). HIgG ELISA was performed to quantify the 

amount pro-IL-12 in each homogenate, normalized by total tissue weight.

(B-C) Tumor growth and survival curves of C57BL/6N mice (n=12/group) inoculated with 

5×105 MC38 cells and then treated with PBS, 3.33pmol of hetero-IL-12-Fc, or pro-IL-12 by 

i.p. injection on days 13, 16, and 19. Tumor size was measured twice per week (B), and the 

mouse survival curve was shown as (C).

(D-E) Tumor growth and survival curves of C57BL/6N mice inoculated with 3×105 B16-

F10 cells and then treated with PBS (n=8), 33.3pmol of hetero-IL-12-Fc (n=11), or pro-

IL-12 (n=11) by i.p. injection on days 13, 16, and 19. Tumor size was measured twice per 

week (D), and the mouse survival curve was shown in (E).

(F) Survival curves of BALB/C mice inoculated with 1.5×105 4T-1 cells and then treated 

with PBS(n=20), 3.33pmol of hetero-IL-12-Fc (n=18), or pro-IL-12 (n=16) by i.p. injection 

on days 9, 12, and 15 or only surgery (n=17). All primary tumors were resected on day 16, 

except for the no-surgery group, as a control.

Data indicate mean ± SEM and are repeated two or three independent experiments. 

Statistical analysis for A and D was performed using unpaired two-tailed t-tests. For B, 

a two-way analysis of variance (ANOVA) was applied. Statistical analysis for the survival 
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curve data was performed using log-rank tests.*P <0.05, **P < 0.01, ***P < 0.001, and 

****P < 0.0001.
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Fig. 4. Intratumoral CD8+ T cells and IFNγ are necessary for pro-IL-12 induced antitumor 
effects.
(A-B) Tumor growth curves of C57BL/6N (A) (n=8/group) or Rag1−/− (B) (n=6/group) 

mice bearing MC38 tumors that were treated with PBS or 3.33pmol of pro-IL-12 by i.p. 

injection when the tumor volume was 130–160mm3.

(C) Tumor growth curves of C57BL/6N mice (n=8/group) bearing MC38 tumors that were 

depleted of T cells and then treated with PBS or 3.33pmol of pro-IL-12 by i.p. injection on 

days 13, 16, and 19. For T cell depletion, mice were i.p. injected with 200 μg of anti-CD8 

antibody or anti-CD4 antibody prior to treatment with pro-IL-12 or PBS. Tumor growth was 

measured twice per week.

(D) Tumor growth curves of MC38 tumor-bearing mice (n=11/group) given FTY720 and 

then treated with 3.33pmol pro-IL-12 by i.p. injection on days 11, 14, and 17. FTY720 

was administered 25μg by i.p. injection every other day starting 10 days after tumor cell 

inoculation. Tumor growth was measured twice per week.

(E) Percent and the absolute number of IFNγ+ CD8+ T cells within the tumors of 

C57BL/6N mice (n=8/group) inoculated with 8×105 MC38-OVA cells and then treated with 

PBS or 33.3pmol of pro-IL-12 by i.p. injection. After four days, mice were i.p. injected 

with 500μl 0.5mg/ml Brefeldin A solution. Six hours later, tumor tissues were collected, and 

FACS analysis was performed

(F) Tumor growth curves of C57BL/6N mice bearing MC38 tumors that were IFNγ blocked 

and then treated with PBS (n=10), α-IFNγ (n=10), 3.33pmol of pro-IL-12 (n=10), 3.33pmol 

of pro-IL-12+α-IFNγ (n=11) by i.p. injection on days 12, 15, and 18. To block IFNγ, mice 
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were i.p. injected with 500 μg of anti-IFNγ one day before pro-IL-12 treatment and then 

once every three days for three times. Tumor growth was measured twice per week.

Data indicate mean ± SEM and are repeated two or three independent experiments. 

Statistical analysis for C, E and F was performed using unpaired two-tailed t-tests. For 

A, B and D, a two-way analysis of variance (ANOVA) was applied. *P <0.05, **P < 0.01, 

***P < 0.001, and ****P < 0.0001.
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Fig. 5. IL-12R on CD8+ T cells but not CD4+ T cells is required for tumor immunity.
(A) IFNγ levels in the media of splenocytes from C57BL/6 mice sorted by FACS to exclude 

various cell populations and cultured ex vivo in the presence of PBS or het-IL-12-Fc. After 

48h, media was collected and measured for IFNγ by CBA.

(B) IFNγ levels in the media of CD4+ and CD8+ T cells from WT or IL12RB2−/− C57BL/6 

mice purified by MACS and cultured ex vivo in the presence of PBS or het-IL-12-Fc. After 

48h, media was collected and measured for IFNγ by CBA.

(C-D) Tumor growth and survival curves of RAG1−/−mice (n=4/group) reconstituted with 

T cells from WT or IL12Rβ2−/− C57BL/6 mice, inoculated with MC38 tumors, and treated 

with PBS or 0.25ug pro-IL-12 by i.p. injection on days 10, 14, and 16. CD4+ and CD8+ T 

cells were purified by MACS from the spleens of WT or IL12Rβ2−/− C57BL/6 mice and 

adoptively transferred to RAG1 −/− mice 6 days before inoculation with 1×106 MC38 cells. 

Tumor size was measured twice per week (C), and the mouse survival curve was shown as 

(D).

Data indicate mean ± SEM and are repeated two or three independent experiments. 

Statistical analysis for A and B was performed using one way analysis of variance (ANOVA) 

with Tukey’s multiple comparison. For C, a two-way ANOVA was applied. For D, log-rank 

tests were used. *P <0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Fig. 6. Pro-IL-12 in combination with TKI and anti-PD-L1 anti-tumor therapies.
(A) Tumor growth curves of BALB/C mice (n=7/group) that were inoculated with 5×105 

TUBO cells and then treated with PBS or 3.33pmol pro-IL-12 by i.p. injection on days 12, 

15, 18. Tumor growth was measured twice per week.

(B) Absolute number and percent of CD3+ T cells within tumors of BABL/C mice 

inoculated with 5×105 TUBO cells and then treated with 1mg of TKI through oral gavage 

on days 13 and 18. Total T cell ratio and number were detected by flow cytometry six days 

after the first TKI treatment (n=5/group). Tumor growth was measured at the indicated time 

points for TKI treatment in (Supplementary Fig. 8A).

(C-D) Tumor growth curves of BABL/C mice (n=7/group) inoculated with 5×105 TUBO 

cells and then treated with PBS, TKI, pro-IL-12, or both. 1mg of TKI was given through 

oral gavage on days 13 and 18, whereas 6.67 pmol of pro-IL-12 was injected i.p. on days 

13, 16, 19. An additional combination treatment group (n=8) was given 200 μg of depleting 

anti-CD8 and anti-CD4 antibody by i.p. injection alongside pro-IL-12 treatment every 3 

days for a total of three doses. Tumor size was measured twice per week (C), and the mouse 

survival curve was shown as (D).

(E-F) Tumor growth curves of C57BL/6N mice (n=6/group) inoculated with 5×105 MC38 

cells and then treated with PBS, pro-IL-12, anti-PDL1, or both. 3.33pmol of Pro-IL-12 was 

injected i.p. on days 15, 18, and 21, whereas 200μg of anti-PDL1 was injected i.p. on days 
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15, 19, and 23. Tumor size was measured twice per week (E), and the mouse survival curve 

was shown as (F).

Data indicate mean ± SEM and are repeated two or three independent experiments. 

Statistical analysis for B was performed using unpaired two-tailed t-tests. For A, C and 

E, a two-way analysis of variance (ANOVA) was applied. Statistical analysis for the survival 

curve data was performed using log-rank tests.*P <0.05, **P < 0.01, ***P < 0.001, and 

****P < 0.0001.
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