
 I 

THE UNIVERSITY OF CHICAGO 

 

 

 

EXPLOITING TUMOR-INTRINSIC CUES TO ENGINEER INTERLEUKIN-12 FOR 

CANCER IMMUNOTHERAPY 

 

 

 

A DISSERTATION SUBMITTED TO 

THE FACULTY OF THE PRITZKER SCHOOL OF MOLECULAR ENGINEERING 

IN CANDIDACY FOR THE DEGREE OF 

DOCTOR OF PHILOSOPHY 

 

 

BY 

ASLAN MANSUROV 

 

 

 

CHICAGO, ILLINOIS 

AUGUST 2021 

  



 II 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright © 2021 by Aslan Mansurov 

All Rights Reserved  



 III 

I dedicate this thesis to my parents, Şahin Mansurov and Leyla Mansurova, whose love and support 

helped me throughout the 8 year academic journey. I cannot imagine how difficult it was to send 

a 17-year-old boy to U.S. and only being able to see him for a couple months a year. Thank you 

for being so brave and patient, and I hope this sacrifice was worth it. 

 

 

  



 IV 

“To strive, to seek, to find and not to yield” – From the poem Ulysses of Alfred, Lord Tennyson. 

 

 

 

 



 v 

Table of Contents 

LIST OF FIGURES ....................................................................................................................... x 

LIST OF TABLES ......................................................................................................................... xi 

ACKNOWLEDGMENTS ............................................................................................................ xii 

ABSTRACT ................................................................................................................................... xv 

CHAPTER 1: INTRODUCTION .................................................................................................. 1 

1.1 Pathophysiology of the Tumor Microenvironment .......................................................... 1 

1.1.1 Tumor Angiogenesis ..................................................................................................................................... 2 

1.1.2 Remodeling of the Extracellular Matrix During Tumor Growth .................................................................. 3 

1.1.3 Degradation of Tumor Extracellular Matrix by Tumor-associated Proteases .............................................. 4 

1.2 The Role of the Immune System in Cancer ....................................................................... 6 

1.2.1 Cancer-Immunity Cycle: Key Players .......................................................................................................... 6 

1.2.2 Cancer-Immunity Cycle: Adaptive Attack ................................................................................................... 9 

1.2.3 Cancer-Immunity Cycle: Immune Evasion ................................................................................................ 11 

1.3 Overview of Current Immunotherapy Strategies ........................................................... 13 

1.3.1 Checkpoint Inhibitor Antibodies ................................................................................................................ 13 

1.3.2 Recombinant Cytokine Therapies ............................................................................................................... 14 

1.3.3 Alternate Clinical Strategies ....................................................................................................................... 15 

1.4 Interleukin-12 as a Potential Antitumor Therapeutic Cytokine ................................... 16 

1.4.1 Biological Properties of Interleukin 12 ....................................................................................................... 17 

1.4.2 Clinical Trials Using Recombinant Human IL-12 ...................................................................................... 18 

1.4.3 Engineering of Recombinant IL-12 ............................................................................................................ 20 



 vi 

CHAPTER 2: COLLAGEN-BINDING IL-12 ENHANCES TUMOR INFLAMMATION AND 

DRIVES THE COMPLETE REMISSION OF ESTABLISHED, IMMUNOLOGICALLY 

COLD TUMORS ........................................................................................................................... 22 

2.1 Abstract ............................................................................................................................... 22 

2.2 Introduction ........................................................................................................................ 23 

2.3 Results ................................................................................................................................. 24 

2.3.1 CBD-IL-12 Binds to Collagen I and III with High Affinity ....................................................................... 24 

2.3.2 CBD-IL-12 is More Efficacious than Unmodified IL-12 in Melanoma and Breast Cancer ...................... 27 

2.3.3 CBD-IL-12 Demonstrates Increased Accumulation in Tumors and Decreased Systemic Circulation and 

Causes Profound Changes in the Tumor Microenvironment ............................................................................... 29 

2.3.4 CBD Fusion to IL-12 Decreases Systemic Toxicity ................................................................................... 31 

2.3.5 CBD-IL-12 Triggers Activation of Innate and Adaptive Immunity in a Metastatic Model ....................... 36 

2.3.6 CBD-IL-12 Synergizes with CPI therapy and Elicits an Antigen-specific Immune Response .................. 40 

2.4 Discussion ........................................................................................................................... 46 

2.5 Materials and Methods ...................................................................................................... 50 

2.5.1 Mice and Cancer Cell Lines ........................................................................................................................ 50 

2.5.2 Production and Purification of Recombinant IL-12 and CBD-IL-12 ......................................................... 50 

2.5.3 MALDI-TOF MS Analysis of IL-12 and CBD-IL-12 ................................................................................ 51 

2.5.4 Analysis of STAT4 Phosphorylation by Flow Cytometry .......................................................................... 51 

2.5.5 Splenocyte Activation Test ......................................................................................................................... 52 

2.5.6 Surface Plasmon Resonance (SPR) Against Collagen I and III ................................................................. 53 

2.5.7 Detection of IL-12 and CBD-IL-12 Binding to Human Melanoma Cryosections ..................................... 53 

2.5.8 Antitumor Efficacy of IL-12 and CBD-IL-12 ............................................................................................ 54 

2.5.9 Tumor Accumulation in EMT6-bearing Mice and Biodistribution in Tumor-free Mice ........................... 54 

2.5.10 Pharmacokinetics of IL-12 and CBD-IL-12 ............................................................................................. 55 



 vii 

2.5.11 Serum IFNg and Blood Chemistry Analysis ............................................................................................. 55 

2.5.12 Histological Assessment of Lungs and Kidney ........................................................................................ 56 

2.5.13 Histological Analysis of EMT6 Tumors ................................................................................................... 56 

2.5.14 Intratumoral IFNg Kinetics and Intratumoral Cytokines/chemokines ...................................................... 57 

2.5.15 Analysis of In Vivo IFNg-producing Cells in B16F10 Melanoma ........................................................... 57 

2.5.16 Pulmonary Metastatic Model of B16F10 Melanoma ............................................................................... 58 

2.5.17 Generation of Single-cell Suspension from the Lungs for Flow Cytometry ............................................ 58 

2.5.18 Analysis of Immune Infiltrates in the Pulmonary Metastatic Model of B16F10 Melanoma ................... 59 

2.5.19 Combination Therapy with Checkpoint Inhibitors (CPI) ......................................................................... 59 

2.5.20 Induction of Autochthonous BrafV600E/PTENfl/fl and BrafV600E/PTENfl/fl/bCatSTA Tumor Models, Analysis 

of Circulating T cells and Immunofluorescence .................................................................................................. 60 

2.5.21 Antigen Restimulation of Splenocytes ..................................................................................................... 61 

2.5.22 Statistical Analysis .................................................................................................................................... 61 

2.6 Author Contributions ........................................................................................................ 62 

2.7 Funding ............................................................................................................................... 62 

2.8 Conflict of Interest ............................................................................................................. 62 

2.9 Acknowledgments .............................................................................................................. 63 

CHAPTER 3: ELIMINATING THE IMMUNOTOXICITY OF INTERLEUKIN-12 

THROUGH PROTEASE-SENSITIVE MASKING .................................................................... 64 

3.1 Abstract ............................................................................................................................... 64 

3.2 Introduction ........................................................................................................................ 65 

3.3 Results ................................................................................................................................. 66 

3.3.1 In Vitro Activation of Masked IL-12 Leads to Fully Restored IL-12 Bioactivity ..................................... 66 



 viii 

3.3.2 Masked IL-12 Retains Antitumor Activity in Syngeneic Models and Causes Immunological Remodeling 

of TME ................................................................................................................................................................. 71 

3.3.3 Treatment with Protease-sensitive IL-12 Minimizes irAEs ....................................................................... 78 

3.3.4 Ex Vivo Cleavage by Human Tumors Activates Masked IL-12 ................................................................ 82 

3.4 Discussion ........................................................................................................................... 84 

3.5 Materials and Methods ...................................................................................................... 86 

3.5.1 Mice and Cancer Cell Lines ........................................................................................................................ 86 

3.5.2 Production and Purification of Recombinant IL-12 and Masked IL-12 ..................................................... 86 

3.5.3 Cleavage of Masked IL-12 by Recombinant Proteases .............................................................................. 87 

3.5.4 Analysis of STAT4 Phosphorylation via Flow Cytometry ......................................................................... 88 

3.5.5 Cleavage of Masked IL-12 by Human Tumors .......................................................................................... 89 

3.5.6 Antitumor Efficacy of IL-12 and Masked IL-12 ........................................................................................ 89 

3.5.7 Body Weight Loss in C3H/HeJ Mice ......................................................................................................... 90 

3.5.8 Systemic Markers of Toxicity ..................................................................................................................... 90 

3.5.9 Analysis of Intratumoral Inflammatory Markers ........................................................................................ 91 

3.5.10 Immune Cell Infiltrates in B16F10 Melanoma ......................................................................................... 91 

3.5.11 Immune Cell Infiltrates in the Spleen ....................................................................................................... 92 

3.5.12 Depletion Studies ...................................................................................................................................... 93 

3.5.13 Statistical Analysis .................................................................................................................................... 93 

3.6 Author Contributions ........................................................................................................ 93 

3.7 Funding ............................................................................................................................... 94 

3.8 Conflict of Interest ............................................................................................................. 94 

3.9 Acknowledgments .............................................................................................................. 94 

CHAPTER 4: DISCUSSION AND FUTURE DIRECTIONS ................................................... 95 

4.1 Discussion and Future Directions in Collagen Targeting .............................................. 95 



 ix 

4.2 Discussion and Future Directions in Protease-sensitive IL-12 ...................................... 98 

4.3 Understanding the Clinical Indications for IL-12 .......................................................... 99 

4.4 Conclusion ........................................................................................................................ 100 

References ................................................................................................................................... 101 

 

 

 

 

 

 

 

 

  



 x 

LIST OF FIGURES 

Figure 1. Schematic of the pathophysiological aspects of the tumor microenvironment…………5 
Figure 2. CBD-IL-12 binds to collagen with high affinity while retaining bioactivity………….25 
Figure 3. Biophysical characterization of IL-12 and CBD-IL-12………………………………..26 
Figure 4. CBD-IL-12 induces regression of B16F10 melanoma and EMT6 mammary 
carcinoma………………………………………………………………………………………...28 
Figure 5. CBD-IL-12 induces intratumoral inflammation by rapidly localizing into the tumor…..30 
Figure 6. CD8+ T cells in the tumor are major producers of IFNg upon CBD-IL-12 therapy……..32 
Figure 7. CBD-IL-12 minimizes irAEs in tumor-bearing and non-tumor bearing mice………….34 
Figure 8. CBD-IL-12 decreases pancreatic damage and does not cause lung and kidney 
damage…………………………………………………………………………………………...35 
Figure 9. CBD-IL-12 decreases metastatic burden in the lungs…………………………………..37 
Figure 10. CBD-IL-12 decreases. metastatic tumor burden by triggering activation of innate and 
adaptive compartments of the immune system in the pulmonary metastatic model of B16F10 
melanoma………………………………………………………………………………………...38
Figure 11. Immune cell infiltration in the lungs of B16F10 metastases-bearing mice…………….39 
Figure 12. Correlation analysis between various immune cell infiltrates and metastatic 
burden……………………………………………………………………………………………41 
Figure 13. CBD-IL-12 synergizes with CPI and elicits tumor antigen-specific response………...42 
Figure 14. IFNg secretion of splenocytes from CBD-IL-12 + CPI-treated survivors and age-
matched naïve mice upon antigen restimulation………………………………………………….44 
Figure 15. IL-2 secretion of splenocytes from CBD-IL-12 + CPI-treated survivors and age-
matched naïve mice upon antigen restimulation………………………………………………….45 
Figure 16. Masked IL-12 fully regains activity upon treatment with recombinant proteases……..67 
Figure 17. Size exclusion chromatograms of affinity-purified masked IL-12 constructs…………68 
Figure 18. Soluble IL-12Rb1 does not abrogate the IL-12 signaling when kept at equimolar 
ratio………………………………………………………………………………………………69 
Figure 19. Protease substrates affect the efficiency of linker cleavage by MMP2………………70 
Figure 20. MMPs do not cleave SP-sensitive M-L2-IL12………………………………………...71 
Figure 21. M-L1-IL12 and M-L6-IL12 are equally cleaved by MMP2…………………………..72 
Figure 22. Masked IL-12 induces a strong antitumor response and potentiates CPI therapy……..73 
Figure 23.  Masked IL-12 therapy elicits a wide range of inflammatory responses and causes 
immune cell infiltration in melanoma………………………………………………………….…74 
Figure 24. M-L6-IL12 and unmodified IL-12 induce similar expression of proinflammatory 
markers and cell infiltration in B16F10 melanoma…………………………………………….…75 
Figure 25. Correlation analysis between various cytokines/chemokines and CD8+-to-Treg 
ratio………………………………………………………………………………………………77 
Figure 26. Masked IL-12 eliminates side effects associated with IL-12 therapy in healthy 
animals…………………………………………………………………………………………...79 
Figure 27. Masked IL-12 minimizes systemic inflammatory response…………………………...81 
Figure 28. Treatment of melanoma-bearing mice with masked IL-12 does not generate systemic 
irAEs……………………………………………………………………………………………..82 
Figure 29. Cleavage of the mask by human tumors and generation of human masked IL-12……..83 
 
 



 xi 

LIST OF TABLES 

Table 1. Amino acid sequences of the linkers used……………………………………………68 
 

  



 xii 

ACKNOWLEDGMENTS 

During my time as a PhD student, I have been extremely fortunate to have gained wonderful 

mentors, colleagues and friends. Without your support and guidance, this work would not have 

been possible.  

First, I would like to thank my graduate advisor, Jeffrey Hubbell, who took the risk of accepting a 

student with no prior biology/bionengineering experience in his lab. During our first meeting in 

October of 2017, he showed me Jun and Ako’s matrix-binding CPI paper (which was about to be 

published), and, to be honest, I understood absolutely nothing (scientifically) from that 

conversation. Because of my lack of training in biology, I was hoping to join the polymer synthesis 

side of the lab, but Jeff let me know that he would rather expand the cancer immunotherapy 

subgroup. This truly exemplifies Jeff as a person who is not afraid of big changes and taking bold 

steps, a trait that I always admired. Throughout his career, Jeff had tremendous impact on so many 

fields (hydrogel chemistry, biomaterials for tissue repair, immune tolerance, etc.), demonstrating 

his never-ending and infectious scientific curiosity. Thank you for believing in me and letting me 

develop as a bioengineer in your lab, and I hope the risk you took has payed off. It was an honor 

to be a part of your great team. 

Second, I would like to thank “Team Japan”, who taught me most of the techniques that I know. 

Kiyomitsu Katsumata, my first mentor, thank you for being so patient and showing me the simplest 

things: pipetting and making serial dilutions. Although Kiyo was very laconic, the phrase that stuck 

with me the most was “Early failure is important”. This was one of the guiding principles 

throughout my PhD. Thank you to Jun and Ako, who had the most profound scientific impact on 

me. Jun taught me how to work efficiently and approach experiments thoroughly. Thank you for 

your trust and guidance, and allowing me to collaborate with you on so many projects. I will 



 xiii 

cherish those memories forever and hope to catch up with you and your family sometime in 

London. I would also like to thank the other members of the team: Koichi Sasaki, Risako Miura 

and Eiji Yuba. Arigato Gozaymas! 

I would like to thank the rest of the Hubbell lab, who were always willing to share their expertise 

and offer help. Thanks to Aaron Alpar, L. Taylor Gray, Elyse Watkins, Tiffany Marchell, Michal 

Raczy, Erica Budina, Abigail Lauterbach, John-Michael Williford, Suzana Gomes, Priscilla 

Briquez, Chitavi Maulloo, Rachel Wallace, Marcin Kwissa, Ruyi Wang, D. Scott Wilson, Michael 

White, Jenni Antane, Lisa Volpatti, Joe Reda, Shijie Cao and Nick Mitrousis. 

I would also like to thank Prof. Melody Swartz and the members of her lab for creating such a 

collaborative environment between the two groups. Particularly, I would like to thank Peyman 

Hosseinchi, for being a great friend and collaborator. I will always remember fondly the times we 

played tennis, went out and ordered deep dish (with pineapple?) for late night sac days. At the time 

that this is being written, Peyman is back home after being away for more than 6 years, so I hope 

you are having a great time with your family and friends, you truly deserved this! Thanks to 

Lambert Potin and Lea Maillat, who were so supportive and helpful in my early days as a graduate 

student. Thanks to Shann Yu, who then transitioned into becoming the scientific director of CIIC 

and has helped us with several grant applications. 

I would like to thank my thesis committee, Juan Mendoza and Nicolas Chevrier, who have been 

extremely insightful during our meetings. I am very grateful to Juan and his lab for collaborating 

with us on the masked IL-12 project. I would like to thank Mustafa Guler, whose classes I enjoyed 

and TA’ed. 



 xiv 

Thanks to the University of Chicago staff, particularly Ani Solanki from the Animal Resources 

Center, who has done countless tail-vein injections and helped with all the in vivo work. I would 

also like to thank David Leclerc from the flow cytometry core, who take care of all the equipment 

and helped us with multiplex assays. 

  



 xv 

ABSTRACT 

The overall goal of this thesis is to use recombinant engineering to improve the therapeutic 

index of cytokine immunotherapies. The model cytokine that we used was interleukin-12 (IL-12), 

which had displayed intolerable toxicity in clinical trials when administered in its native form. 

Chapter 1 introduces the pathophysiological aspects of solid tumors, namely vascular 

remodeling, abnormal deposition of extracellular matrix and overexpression of proteases. We then 

discuss the role of the immune system in cancer progression and mention the key players of the 

immune system that either facilitate or impede tumor growth. We also provide a brief survey of 

various immunotherapy strategies that are currently employed in the clinic. Last, we introduce 

cytokines as potential immunotherapeutics, predominantly focusing on IL-12. 

Chapter 2 describes the collagen-targeting technology that we applied to IL-12. Because 

collagen is overexpressed in solid tumors and is abberantly exposed to the bloodstream, we decided 

to engineer a fusion protein consisting of a collagen-binding domain (CBD) and IL-12 to target 

the tumor matrix. We confirmed that CBD-IL-12 fusion protein was bioactive in vitro and 

displayed high affinity to collagen. We showed that CBD-IL-12 exerted superior antitumor 

efficacy compared to unmodified IL-12 in various solid tumor models. We also demonstrated that 

CBD-IL-12 induces less systemic side effects in tumor-bearing and healthy mice. Finally, we 

showed that CBD-IL-12 strongly synergizes with checkpoint inhibitor (CPI) antibodies in 

aggressive transplantable melanoma as well as in autochthonous melanoma. 

Chapter 3 describes the masking technology that we applied to IL-12. A masking domain, 

which inhibits the interaction between IL-12 and its endogenous receptor, was fused to IL-12 via 

a protease-cleavable linker. Upon cleavage by tumor-associated proteases, the masking domain 
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dissociates, yielding bioactive IL-12 which activates the immune cells locally. In the periphery, 

due to lack of proteases, the masking domain prevents IL-12 from binding to its receptor, 

eliminating any off-target effects. We first confirmed that masked IL-12 displayed ~80-fold less 

bioactivity than unmodified IL-12, whereas treatment with recombinant proteases fully restored 

the bioactivity. We then demonstrated that masked IL-12 induced potent antitumor efficacy in 

various tumor models and potentiated CPI therapy. Last, we showed that masked IL-12 

significantly decreased the incidence of adverse events, boosting the therapeutic index of IL-12. 

In Chapter 4, we discuss potential limitations of each technology and offer potential 

strategies to overcome these limitations. We also comment on how IL-12 can be used in the clinic, 

given its complex biology and restricted expression of its receptor. 
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CHAPTER 1: INTRODUCTION 

According to the Center of Disease Control and Progression, cancer is the second leading 

cause of death in the United States. Historically, cancer therapy consisted of three main 

approaches: chemotherapy, radiotherapy, and surgery. These modalities have been the most 

commonly pursued approaches throughout the 20th century. Chemotherapy relies on the usage of 

small molecules that penetrate the cell membrane and nonspecifically kill actively dividing cells, 

usually by interfering with cell division and/or DNA repair mechanisms. Radiotherapy involves 

the use of an ionizing radiation to kill or inhibit the growth of cancers and is localized to a particular 

area in the body. Surgery is performed on most cancer patients bearing solid tumors and it offers 

the best chance of eliminating the disease, particularly when the tumor has not yet spread to distant 

parts of the body. In the last three decades, a new form cancer therapy, termed immunotherapy, 

has become an important therapeutic alternative, and is now the first choice in many indications. 

Immunotherapy harnesses the power of our immune system, teaching it to recognize and kill 

tumors. In this chapter, we review the pathophysiology of solid tumors, their interaction with the 

immune system and current immunotherapy strategies with a particular focus on cytokines. 

1.1 Pathophysiology of the Tumor Microenvironment 

 Cancer is a dynamic disease caused by dysregulated cells within a tissue that proliferate at 

abnormal rates. The etiology of the disease is complex, ranging from environmental stimuli 

(radiation, pollution, unhealthy diet) to hereditary factors (mutations in proto-oncogenes). 

However, once the formation of the tumor is initiated, several common pathophysiological 

characteristics within the tumor microenvironment (TME) govern the dynamics of cancer growth. 

In this section, we discuss the key principles underlying the pathophysiology of solid tumors. 
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1.1.1 Tumor Angiogenesis 

 Cancer cells constantly require sustenance in the form of nutrients and oxygen in order to 

support their growth. As the tumor mass increases in size, its growing demands activate the 

“angiogenic switch”, which leads to the formation of new blood vessels, a process termed 

neovascularization1. Tumor-associated neovascularization is a feature of rapidly growing tumors, 

and not of dormant tumors2. In healthy tissues, the balance between pro-angiogenic and anti-

angiogenic factors maintains vascular quiescence and controls endothelial cell proliferation3. 

However, during tumor progression, pro-angiogenic factors, such as vascular endothelial growth 

factor (VEGF)4 and platelet-derived growth factor (PDGF)5, become upregulated, leading to 

dysregulated blood vessel formation and increased interstitial pressure6. Formation of the 

disordered neovasculature, alongside lymphangiogenesis and tumor cell-derived macrovesicles, 

pave the way for the establishment of pre-metastatic niche at later stages of cancer growth7. 

Hypoxia, which stems from an imbalance between oxygen consumption and oxygen transport, is 

another result of abnormal vasculature8. Hypoxia plays a key role in dissemination of cancer cells 

by priming distal organs such as lung and bone for metastatic colonization via the recruitment of 

bone-marrow derived cells9,10 and secretion of tumor-homing chemokines11. 

 The observation that tumors possess a disordered vasculature was exploited to enhance the 

delivery of small molecule cancer therapeutics via the use of nanoparticles. In 1986, Maeda et al. 

coined the term “enhanced permeability and retention (EPR) effect”12, which gave rise to the field 

of nanomedicine and tumor targeting. The idea behind the EPR effect is that, due to irregular 

angiogenesis, tumor vasculature is hyperpermeable to macromolecules and nanoparticles13. 

Vascular leakiness, combined with poor lymphatic drainage, results in passive accumulation of the 

intravenously- (i.v.)-administered nanoparticles inside the tumor14. This strategy led to the 
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approval of liposomal nanoparticle encapsulating doxorubicin (Doxil) in various solid tumors in 

199515. Yet, over the past decade, the widespread use of chemotherapeutic-encapsulating 

nanoparticles was not achieved due to their low tumor penetration, as only 0.7% of nanoparticles 

are delivered to a solid tumor16. 

1.1.2 Remodeling of the Extracellular Matrix During Tumor Growth 

 Extracellular matrix (ECM), the three-dimensional scaffold in which cells are residing, 

plays a profound role in tumor formation. The ECM can be divided into two main structures: the 

interstitial matrix and the basement membrane. The interstitial matrix is primarily composed of 

collagen types I, III, V, etc., elastin and fibronectin17, whereas the basement membrane consists of 

collagen IV and laminins18. Many solid tumors tend to express high levels of ECM proteins19, 

comprising nearly 60% of the total tumor mass. The invasiveness of the solid tumors also correlates 

with increased density of ECM proteins, which leads to resistance to therapies and poor 

prognosis20,21. 

 Collagen, being the most abundant protein in the body, is one of the most essential tumor 

ECM proteins, preserving the structural integrity of the tissue and regulating cell motility. Collagen 

expression, similar to other ECM proteins, is upregulated during cancer development22,23. Secreted 

collagen is a supramolecular fibrillar network, formation of which depends on several collagen-

processing enzymes, such as lysyl oxidases24 and lysyl hydroxylases and prolyl hydrolases25, 

which are overexpressed as well. Although tumor cells themselves exhibit increased collagen I 

and III expression, other producers of interstitial matrix proteins are myofibroblasts, which are 

generated in the presence of chronic inflammation and transforming growth factor b (TGF-b)26. 

Collagen can also impact cancer cells directly and promote their growth and metastasis27. For 

example, the binding between collagen I and a2 integrin decreases E-cadherin levels (known as 
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“suppressor of invasion”28), elicits epithelial-mesenchymal transition- (EMT)-like changes and 

increases “stemness” of cancer cells29. Since collagen plays a central role in tumor growth and 

metastasis, and its density limits the penetration of drugs, several direct and indirect collagen-

targeting therapies have been investigated. Preclinically, systemic treatment with collagenase 

improves the penetration of monoclonal antibodies in xenograft models by increasing 

transcapillary pressure gradient30. EN3835, a purified collagenase Clostridium histolyticum, was 

tested in a phase I trial in patients with uterine leiomyoma and exhibited marginal efficacy 

(NCT02889848). Although some other strategies aimed at degrading/depleting collagen are 

pursued, somewhat conflicting and confusing results suggest complex functions of collagen in 

tumor growth. 

1.1.3 Degradation of Tumor Extracellular Matrix by Tumor-associated Proteases 

Proteolysis is another marked feature of almost all solid cancers. Description of the 

proteolytic nature of cancers can be traced back to 1946, when Fisher described that proteolysis of 

cancer cells is, in part, responsible for their malignant properties31. Extensive literature exists 

suggesting that proteases, such as matrix metalloproteinases (MMPs)32 and serine proteases33,34, 

are overexpressed in TME, and are involved in tissue remodeling during tumor growth and 

metastasis. The source of these proteases are cancer cells and stromal cells such as bone-marrow 

derived cells32,35. Secreted MMPs drive tumor angiogenesis36 and lymphangiogenesis37, which 

allows for dissemination of cancer cells into secondary organs via blood and lymphatic vessels. 

Further degradation of dense collagenous networks and the basement membrane facilitates 

metastatic processes. For example, levels of secreted MMP-2 and MMP-9 are significantly higher 

in the tumor than in adjacent normal tissue (ANT) in breast cancer patients38. MMP-2, MMP-9 

and urokinase-type plasminogen activator (uPA, a serine protease) are elevated significantly in 
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advanced ovarian tumors and at metastatic sites but not in benign tumors39. In a study of 147 non-

small cell lung cancer cases, uPA levels were 6.5-fold higher in the tumor tissue than in lung 

parenchyma40. Certain proteases are membrane-bound, such as membrane type 1-MMP (MT1-

MMP or MMP14), which allows proteolysis to occur directly on cancer cell surface41. MMP-14 

overexpression is associated with advanced tumor stage and lower overall survival in colorectal 

cancer patients42. MMPs have been considered as potential targets in cancer therapy, with many 

synthetic MMP inhibitors being tested in clinical trials from the 1990s to early 2000s. Despite 

encouraging preclinical data, the results of clinical trials were disappointing, as MMP inhibitors 

did not demonstrate therapeutic benefit and produced severe side effects43. 

Collectively, abnormal angiogenesis, increased ECM deposition and elevated degradation 

of ECM molecules represent key features of aggressive solid tumors, and enhance the ability of 

cancer cells to migrate to distal sites (Figure 1). 

Figure 1. Schematic of the pathophysiological aspects of the tumor microenvironment. Adapted 
from Winkler et al. [35]  
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1.2 The Role of the Immune System in Cancer 

Our immune system has evolved to recognize potential threats, such as viral or bacterial 

infections, and mount an inflammatory response against these threats. In that sense, in the “eyes 

of our immune system”, cancer is no different than a viral infection, since cancer cells display 

altered (mutated) antigens. Interestingly, one of the first ever clinical applications of 

immunotherapy was performed by William Coley in 1890s, when he administered a mix of heat-

killed streptococcus and Serratia marcescens intratumorally (i.t.) to induce local inflammation44. 

This bacterial infection led to regression of large sarcomas and a complete cure rate of about 10% 

of patients45. “Coley’s toxins” illustrate the interplay between cancer and our immune system: 

cancer always tries to evade the recognition by our immune cells, yet once recognized, our immune 

system is capable of mounting a strong inflammatory response and eliminating even the well-

established tumors. In this section, we discuss the cancer-immunity cycle by highlighting the 

important players of the immune system, mechanisms of cancer cell recognition and destruction, 

and ways in which cancer cells can evade the detection by our immune cells. 

1.2.1 Cancer-Immunity Cycle: Key Players 

 The immune system can be broadly divided into two subsets, the innate immunity and the 

adaptive immunity. Innate immune cells are comprised of dendritic cells (DCs), 

monocytes/macrophages, granulocytes, and natural killer (NK) cells. The innate cells express 

germline-encoded pattern recognition receptors (PRRs) that are able to sense “danger signals”, 

such as lipopolysaccharide (LPS) or CpG DNA motifs and are the first responders in the case of 

any potential threat. Activation of the PRRs leads to a cascade of intracellular events resulting in 

secretion of proinflammatory cytokines and additional recruitment of leukocytes. Among the 

innate immune cells, DCs and macrophages are known as professional antigen presenting cells 
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(APCs)46, and are pivotal in presentation of tumor-associated antigens. The adaptive immunity 

consists of T cells and B cells, which express specific, high affinity T cell receptors (TCRs) and B 

cell receptors (BCRs), respectively. Unlike PRRs of the innate cells, these receptors are generated 

as a result of random rearrangement of gene segments, yielding highly diverse receptor pools. The 

adaptive immune cells play a fundamental role in the progression of tumors. This section will 

largely focus on the interactions between APCs and T cells, as these interactions are instrumental 

for the induction of potent antitumor immunity. Although the role of B cells in cancer has been 

overlooked for many years, their influence on antitumor immunity has been gaining interest 

recently47. However, the contribution of B cells to anticancer immunity is not discussed here. 

 APCs represent the interface between the innate and adaptive immune systems, because 

they can present endogenous antigens as well as cross-present exogenous antigens to T cells. 

Antigens are loaded on major histocompatibility complex (MHC) class I or II molecules for 

presentation to the TCRs of CD8+ T cells (cytotoxic T lymphocytes) or CD4+ T cells (T helper 

cells), respectively. The stimulation of the TCR by MHC molecules is known as the “signal 1” of 

the APC-T cell interplay. In order to achieve T cell activation, co-stimulatory ligands on APCs 

(CD80, CD86, CD137L) need to engage co-stimulatory receptors on T cell surface (CD28 and 

CD137), a process known as “signal 2”. The expression of CD80/86 co-stimulatory molecules is 

crucial, since stimulation of the TCR without “signal 2” can lead to T cell anergy or apoptosis48; 

this would be detrimental in the case of cancer antigen-specific T cells, as these cells would 

become deleted (inactivated). Engagement of the TCR-MHC and co-stimulatory molecules, 

alongside a soluble cytokine-mediated communication (“signal 3”) can dictate the fate of the naïve 

CD4+ T cells, which can differentiate into T helper 1 (Th1) or Th2 effector cells. APC-produced 

proinflammatory cytokines, such as interleukin-12 (IL-12), drive the Th1 program, whereas IL-4 
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production supports Th2 differentiation49. Induction of strong Th1 immunity is essential for 

elimination of cancers, both in preclinical models50 and humans51, as infiltration of these cells is 

correlated with prolonged survival52.  

 DCs are potent APCs capable of migrating to the tumor, cross-presenting tumor antigens 

and secreting inflammatory factors for further recruitment of immune cells. DCs can be divided 

into two subsets, conventional DCs (cDCs) and plasmacytoid DCs (pDCs). cDCs are further 

subdivided into XCR1+ DCs (cDC1) and CD11b+ DCs (cDC2)53. Within the cDC1 subset, 

migratory CD103+ DCs are particularly important in antitumor immunity54,55, as these cells can 

traffic intact antigens to the tumor-draining lymph nodes and cross-present to CD8+ T cells56, and 

secrete T cell-recruiting chemokines such as C-X-C motif ligand-9 (CXCL9) and CXCL1057. 

pDCs are able to secrete proinflammatory type I interferons (IFNs) and activate CD8+ T cells58,59, 

yet in the presence of immunosuppressive mediators, pDCs may hinder antitumor immunity and 

their infiltration has been associated with poor clinical outcome in some tumors60.  

 Macrophages constitute a major fraction of myeloid cells present within the tumors61. Most 

of the tumor-associated macrophages (TAMs) are differentiated from circulating monocytes, 

which are recruited to the tumors via the CCL2 chemokine62. Depending on the environmental 

stimuli, TAMs can be reprogrammed into proinflammatory “M1” TAMs or protumorigenic “M2” 

TAMs. M1 macrophages are induced by IFNg and tumor necrosis factor-a (TNFa) and are 

characterized by IL-12high/IL-10low cytokine profile, whereas M2 macrophages are induced by IL-

4 and IL-13, and display IL-12low/IL-10high phenotype63. Activated M1 TAMs express high levels 

of MHC molecules, are able to directly kill cancer cells via secretion of cytotoxic molecules and 

orchestrate Th1-biased immunity64. M2 macrophages play an important role in wound healing, as 

they support neovascularization, ECM remodeling via secretion of VEGF and TGF-b65, and induce 
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direct suppression of T cell activity66. These characteristics make M2 macrophages detrimental 

during tumor progression and are associated with poor clinical outcome67. It also needs to be noted 

that the M1 versus M2 representation of macrophages is overly simplistic, since the markers that 

are used to delineate the subpopulations were mostly derived from in vitro studies68 and, in some 

cases, are not as easily applicable to in vivo scenarios69. 

 Another important component of the innate immunity are NK cells, which can mount a 

potent and rapid cytolytic response against transformed cells70. NK cells express an array of 

stimulatory and inhibitory receptors on their cell surface and the final activation status of the cell 

is determined by the balance of these stimulatory/inhibitory signals. For example, cancer cells tend 

to downregulate MHC expression, which is recognized as a “missing self” signal, and triggers NK 

cells71. Activated NK cells secrete cytolytic granules, such as granzyme and perforin, directly 

leading to tumor cell death72 and proinflammatory cytokines (IFNg, TNFa) resulting in 

recruitment of T cells73. 

1.2.2 Cancer-Immunity Cycle: Adaptive Attack 

 T cells are the second most frequent immune cell type found within tumors after TAMs74. 

Their role in tumor progression has been extensively studied, as these cells are the major 

orchestrators and effectors of the adaptive immunity. Approximately 4 ´ 1011 T cells circulate in 

the human body75, with each cell expressing several TCRs that are (ideally) unreactive against 

self-antigens. As mentioned, TCRs are generated as a result of random rearrangement of gene 

segments (VDJ recombination) that could theoretically yield a TCR diversity of about 1015. Yet 

the actual number of TCR clonotypes is between 106-108 in vivo76,77. Such broad diversity gives T 

cells a chance to recognize mutated self-antigens (neoantigens or oncoantigens), which arise as a 
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consequence of oncogenesis. Dying cancer cells release neoantigens which are picked up and 

processed by DCs in an inflammatory context. DCs expressing neoantigen:MHC complexes along 

with co-stimulatory molecules are able to prime and activate effector T cell responses against 

cancer-specific antigens78. Classically, this process is thought to happen primarily in the tumor-

draining lymph node79, yet recently, tertiary lymphoid structures have been described in the tumor 

itself80, suggesting that antigen presentation may happen within the tumor bed. Nevertheless, CD8+ 

T cell clones that are successfully activated by DCs can infiltrate the tumor and engage cancer 

cells expressing neoantigens on their MHC-I molecules. This leads to cancer cell death via the 

secretion of perforins and granzymes by CD8+ T cells81. Killing of cancer cells releases even more 

tumor-associated antigens in the TME that are picked up by cross-presenting APCs, which in turn 

recruit and prime naive CD8+ T cells. This creates a positive feedback loop, increasing the breadth 

and magnitude of the systemic antitumor response driven by effector CD8+ T cells. 

 The role of Th1 cells is of significance this cycle, as these cells are able to produce 

proinflammatory cytokines such as IL-2, TNFa, and IFNg, which promote not only CD8+ T cell 

priming, but also activate phagocytic phenotype of macrophages, cytotoxic functions of NK cells 

and increase MHC expression on tumor cells82,83. CD4+ T cells are also required in generating 

memory CD8+ T cells84, which is essential for establishing potent systemic anticancer immunity85. 

As mentioned, CD4+ T cells recognize antigens in the context of MHC-II, which are predominantly 

expressed by professional APCs; however, a subset of tumor cells are also able to express MHC-

II molecules86,87, which is associated with superior clinical outcome88,89. These observations 

further stress the importance of Th1 cells in antitumor immunity, in addition CD8+ T cells.  
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1.2.3 Cancer-Immunity Cycle: Immune Evasion 

 In a fraction of cancer patients, the cancer-immunity cycle is impaired, due to the presence 

of certain immunoregulatory mechanisms, which are meant to protect our body from autoimmunity 

during homeostasis. These immunosuppressive mechanisms involve cell-cell as well as soluble 

interactions that lead to T cell dysfunction, anergy and exhaustion. 

 Several immunosuppressive cell populations are present in the TME, which are either 

recruited to or differentiated within the tumors. One of the most potent immunoregulatory cells 

are regulatory T (Treg) cells which are CD4+CD25+ and express forkhead box protein P3 (FOXP3) 

transcription factor90. These cells inhibit the functional maturation of tumor antigen-specific CD8+ 

T cells and diminish their cytolytic abilities via the secretion of TGF-b 91. Treg cells constitutively 

express high levels of CD25, which is the high-affinity receptor for IL-2, and thus, act as a sink 

for IL-292. Treg cells can also secrete IL-10, which is considered to be an strong immunoregulatory 

cytokine93. In fact, the ratio of effector CD8+ T cells to Treg cells in the tumor is the most critical 

parameter in predicting the outcome of the patients94,95. 

 Presence of suppressive or tolerogenic APCs, such as M2 TAMs impairs the antitumor 

immunity. These cells display low levels of co-stimulatory ligands CD80/86, which results in 

deactivation of effector T cells96. Furthermore, myeloid-derived suppressor cells (MDSCs) 

contribute to T cell dysfunction by secreting suppressive metabolites such as indoleamine-2,3-

deoxygenase (IDO)97 and arginase 198. 

 One of the central pathways of peripheral immune tolerance is immune checkpoints. These 

molecules are expressed on activated T cells to prevent them from killing harmless cells. Cytotoxic 

T lymphocyte antigen-4 (CTLA-4), a homologue of CD28, is expressed on activated or exhausted 
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T cells99. CTLA-4 binds to CD80/86 molecules with a higher affinity and avidity than does CD28, 

thereby limiting T cell activation100. CTLA-4 is also constitutively expressed on Treg cells, 

allowing them to compete for CD80/86 co-stimulatory molecules101. Binding of CTLA-4 to 

CD80/86 molecules induces recruitment of phosphatases to the cytoplasmic tail of CTLA-4, which 

leads to reduced activation of essential transcription factors such as nuclear factor of activated T 

cells (NFAT) and nuclear factor-kB (NF-kB)102,103. 

 Another crucial checkpoint is programmed cell death-1 (PD-1), which is a receptor for 

programmed cell death ligand-1 (PD-L1). PD-1 is expressed on T cells upon TCR activation, 

whereas its ligand is constitutively expressed on APCs and can be expressed by non-hemopoietic 

cells in the presence of proinflammatory cytokines104. The interaction of PD-1 with its ligand leads 

to dephosphorylated of CD28105, which induces T cell exhaustion or apoptosis, depending on the 

context106. PD-L1 can be expressed by tumor cells as well, especially in the presence of 

proinflammatory cytokines such as IFNg107,108. Hence, PD-L1 expression on tumor cells is 

indicative of prior immune inflammation, which is beneficial for patients receiving checkpoint-

targeting therapies (covered in Section 1.3). 

 Some tumor types are poorly immunogenic, with minimal mutational burden (few 

neoantigens) and low expression of IFNg signature and thus, are not infiltrated with T cells. These 

so-called “cold” tumors are more aggressive than their “hot” counterparts and represent a major 

therapeutic challenge. For example, active Wnt/b-catenin signaling within the TME results in 

exclusion of T cells from the tumor109. These tumors are often heavily infiltrated with suppressive 

myeloid-derived cells and lack cross-presenting Batf3-dependent DCs, major producers of T cell-

recruiting chemokines CXCL9 and CXCL10110. 
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1.3 Overview of Current Immunotherapy Strategies 

As discussed in the previous sections, the immune system plays a pivotal role in the 

development of cancers. In this section, we introduce major immunotherapy strategies that are 

pursued clinically. Some of the mentioned therapeutics are already approved by the Food and Drug 

Administration (FDA). Therapeutics that are mentioned here do not represent the full list of 

actively investigated drugs but rather are highlights of the most commonly pursued approaches. It 

is important to note that the combinations of these approaches are also currently tested in the clinic 

and some of them are noted here. 

1.3.1 Checkpoint Inhibitor Antibodies 

Checkpoint inhibitor (CPI) antibodies are the most widely used class of immunotherapy. 

Upon binding to their target antigens, they inhibit the receptor-ligand interactions that normally 

induce apoptosis or deactivation of T or NK cells. In 2011, the FDA approved ipilimumab (Yervoy, 

Bristol-Myers Squibb), an anti-CTLA-4 antibody, in patients with metastatic melanoma111. This 

was followed by the approval of two anti-PD-1 antibodies, pembrolizumab (Keytruda, Merck & 

Co) and nivolumab (Opdivo, Bristol-Myers Squibb), for melanoma patients in 2014112. PD-L1 

blocking antibodies, atezolizumab (Tecentriq, Roche), durvalumab (Imfinzi, AstraZeneca) and 

avelumab (Bavencio, EMD Serono) were approved for the treatment of non-small cell lung cancer 

(NSCLC), bladder cancer and Merkel cell carcinoma113. Currently, more than a dozen major 

cancer types are treated using CPI antibodies, becoming the standard-of-care therapy, especially 

in advanced, inoperable malignancies. However, blockade of these immunoregulatory pathways 

also leads to immune-related adverse events (irAEs), with 10-15% of patients developing grade 3-

5 irAEs114. The most common cause of death as a result of irAE for patients receiving ipilimumab 

is colitis, whereas fatalities in patients receiving anti-PD-1/L1 are mostly due to pneumonitis, 
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hepatitis and neurotoxic effects115. In some indications, combination of anti-CTLA-4 and anti-PD-

1 is an approved therapy, and the incidence and severity of irAEs increases as a result of blocking 

two nonredundant pathways116. Some next-generation CPI antibodies, such as anti-TIGIT, anti-

TIM-3 and anti-LAG-3, are also evaluated in numerous clinical trials, whether as single agents or 

in combination with approved CPI antibodies117. 

1.3.2 Recombinant Cytokine Therapies 

Cytokine therapy is one of the earliest forms of the FDA-approved immunotherapy. IL-2, 

which is a growth factor T and NK cells, and IFN-alpha, an anti-tumor cytokine, were approved 

for treating various types of advanced cancers. High-dose recombinant IL-2 (aldesleukin, 

Proleukin) was approved for the treatment of advanced renal cell carcinoma in 1992118 and 

metastatic melanoma in 1998119, and IFN-alpha (Intron-A) was approved for the treatment of hairy 

cell leukemia120 and Kaposi’s sarcoma in patients with acquired immunodeficiency syndrome, 

both in 1986121. These results were one of the first demonstrations that shifting the immunological 

balance towards a pro-inflammatory phenotype can lead to robust regression of established tumors 

in the clinic. In recent years, other cytokines have entered clinical trials, including IL-12 (covered 

in Section 1.4), IL-15, and IL-7122 but, to date, none of them are approved by the FDA, either due 

to limited efficacy or intolerable toxicity123. Despite the excitement around using cytokines in 

cancer therapy, which was based on convincing results in animal models, further translation of 

recombinant antitumor cytokines was halted. Due to severe adverse events in patients, such as 

capillary leak syndrome and cytokine storm124, high-dose IL-2 therapy is now less commonly 

used, especially after the advent of CPIs.  
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1.3.3 Alternate Clinical Strategies  

Besides CPI antibodies and recombinant cytokines, alternate approaches are also pursued 

within the context of cancer immunotherapy and some of the most widely pursued strategies are 

mentioned here. Agonistic antibodies are a class of therapeutics that activate the immune cells and 

upregulate their effector functions upon binding to the co-stimulatory molecules. Urelumab is an 

anti-CD137 (also known as anti-4-1BB) agonistic antibody, which primes activated T and NK 

cells resulting in secretion of proinflammatory cytokines (IL-2 and IFNg)125,126. Administration of 

urelumab to patients with various advanced cancers resulted in severe irAEs, most common one 

being hepatotoxicity127.  

Another class of immunotherapeutics that is widely used in the clinic are antitumor 

antibodies. Antitumor antibodies bind to antigens that are specifically (over)expressed on tumor 

cells and not on healthy cells. Although initially they were not perceived as immunotherapeutics, 

since their primary objective was to block oncogenic pathways, the immunostimulatory effects 

contribute to their efficacy. These antibodies, via their Fc portions, recruit innate immune cells and 

induce antibody-dependent cellular cytotoxicity (ADCC) or complement-dependent cytotoxicity 

of tumor cells128. Examples include cetuximab (Erbitux, Eli Lilly and Co.), which blocks epidermal 

growth factor receptor (EGFR) and trastuzumab (Herceptin, Genentech), which binds to human 

epidermal growth factor receptor 2 (HER-2/neu)129. Cetuximab is approved for EGFR-positive 

colon, and also for head and neck cancer, and trastuzumab is approved for HER-2/neu-positive 

breast cancer. 

Adoptive transfer of T cells is another successful immunotherapy approach, particularly in 

liquid tumors. This approach relies on either ex vivo expansion of autologous T cells130 or 

engineering of these T cells to express chimeric antigen receptors (CARs)131. CAR-T cells 
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expressing the receptor for CD19 (CTL-019, Kymriah, Novartis) were approved by the FDA in 

2017 in patients with B cell acute lymphoblastic leukemia. Despite achieving durable remissions 

in hematological malignancies, major irAEs, such as cytokine release syndrome (CRS) and 

neurologic toxicity, and cost of production limit their widespread use132. 

1.4 Interleukin-12 as a Potential Antitumor Therapeutic Cytokine 

 Cytokines are soluble molecular messengers that allow cells to communicate in paracrine 

and autocrine fashion, resulting in a coordinated response to various threats. Secreted cytokines 

mediate signaling by binding to a cytokine-specific receptor complex with high affinity, leading 

to phosphorylation of signal transducer and activator of transcription (STAT) transcription 

factors133. Activated STATs dimerize and bind to the promoters of responsive genes in the DNA, 

which ultimately determines cell fate134. Effects induced by cytokines are generally short-lived 

and tightly regulated due to rapid clearance from the bloodstream and localized production. Most 

cytokines are below the threshold of renal clearance (<40 kDa135) and lack recycling mechanisms 

(such as neonatal Fc receptor, FcRn), causing their rapid clearance.  

Cytokines are divided into families, such as ILs, IFNs, chemokines, TGFs, TNFs and 

colony-stimulating factors (CSFs) based on their biological properties. Certain cytokines can exert 

similar immunological effects, causing some degree of redundancy in the cytokines, yet the 

spectrum of responses and the dependence on concentration of the cytokine can vary. Cytokines 

can also induce antagonistic effects, adding to the complexity of understanding the network of 

cytokine responses. This makes the relative concentration and localization of cytokines, as well as 

their timing, important parameters.  
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In this section, the focus is on immunological functions of IL-12, one of the most promising 

cytokines for cancer immunotherapy. Challenges in its translation as a recombinant protein 

therapeutic as well as potential engineering solutions are also discussed. 

1.4.1 Biological Properties of Interleukin 12 

IL-12, a heterodimeric cytokine consisting of disulfide-linked p35 and p40 subunits, is one 

of the most potent proinflammatory cytokines. IL-12 was first discovered as an NK cell stimulatory 

factor by Giorgio Trinchieri’s laboratory in 1989136. It was found that IL-12 also induces activation 

of naïve T cells and skews them towards Th1 fate137, highlighting its role in triggering 

inflammatory responses of both innate and adaptive immunity138. IL-12 family also includes IL-

23, IL-27, and IL-35, of which IL-23 is pro-inflammatory139, IL-35 is anti-inflammatory140, 

whereas IL-27 has both pro- and anti-inflammatory roles141.  

IL-12 binds to a heterodimeric receptor complex (IL-12R) consisting of IL-12Rb1 and IL-

12Rb2142, the former being constitutively expressed by T cells143, whereas the latter is expressed 

upon activation and is a marker of Th1 cells144. Interestingly, resting NK cells can express the 

heterodimeric receptor complex145, suggesting that these cells can respond to IL-12 without pre-

activation. Upon binding to IL-12R, IL-12 causes phosphorylation of STAT4, which dimerizes 

and translocates into the nucleus to regulate gene expression146. IL-12 can also act on cells of 

myeloid origin, such as dendritic cells147,148, and directly augment MHC-II expression. The main 

mediator of pro-inflammatory and antitumor effects of IL-12 is IFNg149, which is secreted by T 

and NK cells. IFNg induces expression of CXCL9 and CXCL10, chemokines that are important 

for immune cells recruitment57 and inhibition of angiogenesis of the tumors150. These chemokines 

can be secreted by tumor cells themselves, as it was observed that the expression of IFNg receptor 



 18 

on tumor cells was crucial for IL-12-mediated tumor control151,152. Interestingly, antitumor effects 

of IL-12 are diminished, but not abolished, in immune-incompetent mice as well153, suggesting 

that T/NK cell-mediated IFNg secretion is not the only antitumor mechanism. In fact, NKp46+ 

lymphoid tissue-inducer (LTi) cells were reported to be the initiators of tumor rejection upon IL-

12 therapy154, further confirming the important actions of IL-12 on innate and adaptive immunity. 

Certain cytokines, such as IL-10155 and TGF-b1156, can exert regulatory effects on IL-12 by 

suppressing the transcription of the p40 subunit.  

1.4.2 Clinical Trials Using Recombinant Human IL-12  

 Early preclinical studies conducted in the 1990s demonstrated potent antitumor activity of 

recombinant IL-12 administered systemically to mice bearing primary and metastatic tumors157. 

These results prompted the initiation of a phase I clinical trial in patients with advanced 

malignancies (melanoma and renal cell carcinoma), in which the maximum tolerated dose (MTD) 

of 500 ng/kg/day was established123. Recombinant IL-12 was administered by bolus i.v. injection 

once as a test dose, followed by a 2-week rest period, and then 5 times a week, every 3 weeks. In 

the follow-up trial at this dose, IL-12 caused deaths of two patients and induced severe side effects 

in 12 out of 17 patients, resulting in temporary discontinuation of clinical trials using recombinant 

IL-12. The marked difference between the two clinical trials was caused by the use of a priming 

dose of IL-12 14 days prior to daily treatment in the phase I trial, contrasted with the absence of it 

in the phase II trial158. Such a protective effect of the pre-dose was also observed in mice159,160, 

which was associated with decreased levels of systemic IFNg production after subsequent IL-12 

administrations. Repeated administration of IL-12 leads to reduced IFNg production capacity 

through specific downregulation of phosphorylated STAT4 protein161. Systemic IFNg is the main 

contributor to the side effects of IL-12 therapy. Experiments with mice lacking the IFNg receptor 
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revealed that most of the side effects are due to IL-12-induced IFNg162. Likewise, administration 

of neutralizing antibodies against IFNg abrogate IL-12-induced body weight lost in mice159,160. 

Despite this, IFNg is crucial for antitumor effect of IL-12 therapy. Solving this dilemma may 

require an engineered IL-12 that can localize its proinflammatory effects to the tumor site, while 

sparing the healthy organs and limiting systemic inflammation (engineering strategies for IL-12 

are discussed in Section 1.4.3). Careful design of the dosing regimen and determining the optimal 

route of administration will be key factors in IL-12 therapy. 

 Since the premature termination of the phase II trial, several clinical trials were launched 

with less frequent dosing (twice or three times a week) and subcutaneous (s.c.) or i.t. route of 

administration in order to mitigate the side effects. In head and neck squamous cell carcinoma 

patients, once a week i.t. administration of IL-12 at 300 ng/kg still produced grade 3 liver toxicity, 

and the dose had to be decreased to 100 ng/kg for some patients163. In this trial, mRNA expression 

of IFNg in peripheral blood mononuclear cells (PBMCs) was drastically increased as compared to 

control patients. Enlargement of lymph nodes, increased infiltration and activation of B cells, as 

well as IgG subclass switch towards IgG1 and IgG4 was noted164. Currently, preferred 

administration route for human IL-12 is s.c., as several clinical trials demonstrated that IL-12 at 

300-500 ng/kg (MTD) can be given s.c. two or three times a week, with manageable toxicity165-

168. At this dose, IL-12 alone does not produce any significant clinical benefit, and thus several 

trials were launched evaluating this agent in combination with other drugs, such as recombinant 

IL-2169 and IFNa-2b170. In these trials, clinical activity was only observed at or above the MTD 

and thus were not followed up in phase II trials. Recently, a clinical trial evaluating the 

combination of s.c. IL-12 and pembrolizumab (aPD-1) was launched (NCT03030378), the results 

of which have not been published yet.  
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1.4.3 Engineering of Recombinant IL-12 

 Given the low therapeutic index of recombinant wild-type IL-12, several protein 

engineering strategies have been applied to IL-12 to mitigate the side effects and facilitate its 

clinical translation. Dario Neri’s group has fused IL-12 to a single-chain variable fragment (scFv) 

(the fusion referred to as IL12-L19) recognizing the extra domain B (EDB) splice variant of 

fibronectin isoform, which is a marker of neovasculature and is overexpressed in a variety of solid 

tumors171. It was shown that i.v. injected IL-12 targeting EDB fibronectin resulted in slower tumor 

growth compared to IL-12 targeting an irrelevant protein. In a lung metastasis model, IL12-L19 

outperformed an equimolar dose of unmodified IL-12, demonstrating that targeting subendothelial 

extra-cellular matrix (ECM) is viable in a metastatic model. Dario Neri and colleagues developed 

another fusion of IL-12 and an scFv, termed IL12-F8, that targets EDA fibronectin and 

demonstrated additive therapeutic effect between the engineered IL-12 and paclitaxel172. A similar 

approach has also been employed to target mesothelin, a glycoprotein highly overexpressed in 

mesothelioma173. 

Another immunocytokine, comprising two molecules of IL-12 fused to a full 

immunoglobin G (IgG) recognizing DNA/histone to target tumor necrosis, was developed by the 

National Cancer Institute174. This immunocytokine (referred to as NHS-IL12) has an increased 

half-life due to Fc portion of the antibody, yet its specific bioactivity is markedly decreased 

compared to a wild-type IL-12. NHS-IL12 was tested in a phase I clinical trial in patients with 

metastatic solid tumors175. NHS-IL12 was dosed once every 4 weeks and the MTD was 16.8 

mg/kg. Although antitumor responses need to be investigated in the follow-up trial, 5 patients had 

durable stable disease. This drug is currently being evaluated as a monotherapy in a phase I/II as 
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well as in combination with M7824176 (a bifunctional protein blocking PD-L1 and TGF-b) in 

patients with advanced Kaposi sarcoma (NCT04303117).  

huBC1-IL12 (AS1409) is another immunocytokine, structurally similar to NHS-IL12, that 

was engineered to target the EDB-containing fibronectin isoform177. This molecule was studied in 

a phase I clinical trial in patients (n = 13) with malignant melanoma (n = 11) and renal cell 

carcinoma (n = 2), in which an MTD of 15 mg/kg weekly was determined178. Stable disease was 

seen in 6 patients and partial response was seen in one patient.  

Fusion of IL-12 and Fc portion has been made to increase its half-life and limit the number 

of injections to decrease IL-12-mediated toxicity179. This molecule, in contrast to full IgG-fused 

IL-12 variants, demonstrated a similar specific bioactivity compared to wild-type IL-12. IL12-Fc 

exhibited long serum half-life, resulting in superior antitumor efficacy in several syngeneic tumor 

models. Head-to-head comparison of toxicity between IL-12 and IL12-Fc was not made in this 

study. 

For intratumoral injection use, IL-12 has recently been fused with lumican, a collagen-

binding protein, and mouse serum albumin (IL12-MSA-Lumican), which can be localized within 

the tumor matrix upon intratumoral injection180. This construct was less toxic upon intratumoral 

injection, as evidenced by body weight loss, than IL12-MSA, while antitumor efficacy was 

comparable between the two constructs. 

Besides recombinant approaches, there are several IL-12 gene therapies under 

development, such as plasmid electroporation (in development by OncoSec Medical, Inc.)181, lipid 

nanoparticle formulated mRNA (Moderna, Inc.)182, and adenovirus-mediated delivery (Ziopharm 

Oncology, Inc.)183. These approaches, however, rely solely on i.t. administration. 
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CHAPTER 2:  

COLLAGEN-BINDING IL-12 ENHANCES TUMOR 

INFLAMMATION AND DRIVES THE COMPLETE REMISSION 

OF ESTABLISHED, IMMUNOLOGICALLY COLD TUMORS 

2.1 Abstract 

CPI immunotherapy has achieved remarkable clinical success, yet its efficacy in 

‘immunologically cold’ tumors has been modest. IL-12 is a powerful cytokine that activates the 

innate and adaptive arms of the immune system, yet its administration has been associated with 

immune-related adverse events. Here, we show that the intravenous administration of a collagen-

binding domain fused to IL-12 (CBD–IL-12) in mice bearing aggressive murine tumors 

accumulates in the tumour stroma, owing to exposed collagen in the disordered tumor vasculature. 

In comparison with the administration of unmodified IL-12, CBD–IL-12 induced sustained 

intratumoral levels of IFNg, markedly reduced its systemic levels as well as organ damage, and 

led to superior anticancer efficacy, eliciting complete regression of CPI-unresponsive breast 

tumors. Furthermore, CBD–IL-12 potently synergized with CPI to eradicate large established 

melanoma, induced antigen-specific immunological memory, and controlled tumor growth in a 

genetically engineered mouse model of melanoma. CBD–IL-12 may potentiate CPI 

immunotherapy for immunologically cold tumors. 
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2.2 Introduction 

Immunotherapy is a promising approach for treating cancer patients. Although CPI 

therapies, such as aCTLA-4 and aPD-1 antibodies, have achieved clinical success, these 

antibodies fail to induce regression of established tumors in a majority of patients, keeping the 

complete response (CR) rates low184. CPI therapy inherently relies on pre-existing antitumor 

immunity, which is absent in poorly immunogenic, so called “cold” tumors185. To trigger 

immunologic destruction of advanced, cold tumors, sufficient numbers of effector immune cells 

capable of recognizing tumor antigens with high avidity must infiltrate the tumor stroma186. A 

strategy that aims to convert immune-excluded tumors into immune-infiltrated tumors would be a 

major advancement in cancer care. 

IL-12 is considered to be an attractive antitumor therapeutic cytokine as it can activate both 

the innate and the adaptive arms of the immune system138, and is able to elicit antigen-specific 

immune responses187,188. IL-12 promotes Th1 polarization, results in IFNg secretion by effector 

cells such as CD8+ T cells189, and stimulates antigen presentation190. Despite encouraging 

preclinical findings, systemic administration of recombinant human IL-12 showed unsatisfactory 

outcomes in clinical trials due to intolerable irAEs, resulting in discontinuation of trials with 

systemic IL-12191. A major barrier in recombinant IL-12 therapy stems from the inability to reach 

sufficiently high local concentrations within the TME192, thus motivating the development of 

tumor-targeted IL-12 therapy to unleash the full therapeutic potential of this cytokine. In this 

regard, IL-12 has recently been fused with lumican, a collagen-binding protein, which can be 

retained within the tumor matrix upon intratumoral injection180. An approach that would enable 

i.v. administration could further extend the translatability of IL-12 therapy to non-superficial and 

metastatic tumors. 
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We have recently reported that the A3 collagen-binding domain (CBD) of von Willebrand 

factor (VWF) can be retained within solid tumors upon i.v. administration due to exposure of 

collagen within the tumor stroma associated with vascular leakiness193. Chemical conjugation of 

CBD protein to CPI antibodies and recombinant fusion to IL-2 resulted in enhanced antitumor 

efficacy compared to their unmodified forms, but the efficacy was insufficiently strong to show 

CRs in aggressive models such as B16F10 melanoma and the immune-excluded EMT6 mammary 

carcinoma. Here, we have focused our attention on a cytokine more likely to induce tumor 

inflammation, with the objective to make cold tumors inflamed and thus more responsive to CPI 

therapy, installing collagen affinity to IL-12 to enhance its efficacy and overcome safety 

challenges that have hindered its clinical translation. 

2.3 Results 

2.3.1 CBD-IL-12 Binds to Collagen I and III with High Affinity 

We exploited the heterodimeric structure of IL-12 and fused one CBD molecule to each of 

the subunits to install high affinity to collagen (Fig. 2a). CBD-IL-12 exhibited slightly reduced 

bioactivity compared to IL-12 as assessed by STAT4 phosphorylation (Fig. 2b) and splenocyte 

activation (Fig. 3a). We further characterized the molecular weights of IL-12 and CBD-IL-12 by 

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 3b) and matrix-assisted laser 

desorption/ionization time-of-flight (MALDI-TOF) spectrometry (Fig. 3c,d). According to 

MALDI-TOF spectra, the molecular weights of IL-12 and CBD-IL-12 were 62.8 kDa and 106.6 

kDa, respectively. We determined the equilibrium dissociation constants of CBD-IL-12 against 

collagen I and III using surface plasmon resonance (SPR), which were 3.6 and 6.2 nM, respectively 

(Fig. 2c,d). Such high binding affinity can be partially attributed to the avidity effect caused by 

two CBD molecules fused to IL-12, since monoCBD-IL-12 exhibited weaker binding to collagen 
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I (Fig. 3e). Unmodified IL-12 did not bind to collagen I, as confirmed by SPR (Fig. 3f). CBD-IL-

12, but not unmodified IL-12, bound to human melanoma cryosections and localized around the 

blood vessels, where collagen is particularly enriched (Fig. 2e,f). These data show that CBD-IL-

12 is functional as we have designed it, capable of activating cells in vitro and binding to collagens 

I and III with high affinity. 

Figure 2. CBD-IL-12 binds to collagen with high affinity while retaining bioactivity. a, Schematic 
illustrating the fusion sites of the von Willebrand factor A3 CBD to murine p35 and p40 subunits. 
CBD was fused to each of the subunits via a (G3S)2 linker. b, Dose-response relationship of 
phosphorylated STAT4 with IL-12 and CBD-IL-12 in preactivated primary mouse CD8+ T cells 
(n=3, mean ± SD). c,d, Affinity (KD values are shown) of CBD-IL-12 against collagen I (c) and 
collagen III (d) as measured by SPR. CBD-IL-12 was flown over over the chips at indicated 
concentrations. Curves represent the specific responses (in resonance units, RU) to CBD-IL-12. 
Experimental curves were fitted with 1:1 Langmuir model. Dissociation constants (KD) and rate 
constants (kon and koff) determined from the fitted curves are shown. e,f, Binding of unmodified 
IL-12 (e) or CBD-IL-12 (f) to human melanoma cryosections was imaged by fluorescence 
microscopy. Scale bars, 100 µm. Experiments were performed twice (b,c,d,e,f), with similar 
results. Representative data are shown. 
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Figure 3. Biophysical characterization of IL-12 and CBD-IL-12. a, Splenocytes were cultured in 
the presence of 10 ng/mL IL-2 and indicated amounts of IL-12 or CBD-IL-12 (n = 3). IFNg in the 
supernatant was measured using ELISA. Data are mean ± SEM. b, SDS-PAGE for IL-12 and 
CBD-IL-12 under reducing (R) and non-reducing (N) conditions. As expected, two bands appear 
under reducing conditions for IL-12, corresponding to the p35 and p40 subunits. Under reducing 
conditions, these bands were shifted by ~20 kDa in the case for CBD-IL-12, indicating that one 
CBD molecule was fused to each subunit. c,d, MALDI-TOF linear positive mode spectra of IL-12 
(c) and CBD-IL-12 (d). The single and double charged molecular ions are indicated for each 
molecule with a corresponding m/z value. e, SPR analysis of monoCBD-IL-12 (where CBD 
protein is only fused to the p40 subunit) binding to collagen I. f, SPR analysis of IL-12 binding to 
collagen I. Binding kinetics was not determined. All experiments were performed twice, with 
similar results. 
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2.3.2 CBD-IL-12 is More Efficacious than Unmodified IL-12 in Melanoma and Breast Cancer 

IL-12 has been tested clinically, both alone and in combination, in patients with advanced 

melanoma and breast cancer123,194,195. We first examined the antitumor activity of CBD-IL-12 in 

the aggressive B16F10 melanoma model (Fig. 4a,b). Mice bearing day 7 B16F10 tumours (~60 

mm3 at the start of therapy) were treated once with either PBS, IL-12 or equimolar CBD-IL-12. 

We administered the cytokines either peritumorally (p.t.) or i.v. to determine the most efficacious 

injection route. Systemic administration of CBD-IL-12 resulted in robust regression of B16F10 

melanoma, as opposed to both p.t.- and i.v.-administered unmodified IL-12, which delayed the 

tumor growth compared to treatment with PBS. Interestingly, although p.t. injection of CBD-IL-

12 was still more favorable than either route of unmodified IL-12, its antitumor efficacy was 

inferior to i.v. administration of CBD-IL-12. A single i.v. injection of CBD-IL-12 resulted in 10 

CR out of 15 treated mice (67%).  

We then tested the efficacy of CBD-IL-12 in the triple negative, immune-excluded EMT6 

breast cancer model193,196 (Fig. 4c,d). CBD-IL-12 administered i.v. once on day 7 resulted in 13 

CR out of 15 mice (87%), whereas unmodified IL-12 resulted in 6 CR out of 15 mice (40%). 

Importantly, CBD-IL-12-treated mice that were tumor-free developed systemic immunological 

memory, as 12 mice out of 13 rejected rechallenge with the EMT6 tumor cells in their contralateral 

mammary fat pad (Fig. 4e). These data indicate that CBD fusion to IL-12 greatly improves the 

antitumor responses and results in complete tumour remissions of moderately-sized B16F10 

melanoma and EMT6 mammary carcinoma in the majority of mice when used as a single agent. 
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Figure 4. CBD-IL-12 induces regression of B16F10 melanoma and EMT6 mammary carcinoma. 
a,b, 5 × 105 B16F10 melanoma cells were inoculated intradermally on back skin and mice were 
treated with either PBS (p.t., n = 9), 25 µg IL-12 (p.t., n = 10), 25 µg IL-12 (i.v., n = 7), equimolar 
CBD-IL-12 (p.t., n = 10), or equimolar CBD-IL-12 (i.v., n = 15) once on day 7. Individual tumor 
curves (a) and survival curves (b) are shown. c,d, 5 × 105 EMT6 mammary carcinoma cells were 
inoculated into the left mammary fat pad and mice were treated i.v. with either PBS (n = 7), 25 µg 
IL-12 (n = 15) or equimolar CBD-IL-12 (n = 15) once on day 7. Individual tumor curves (c) and 
survival curves (d) are shown. Data are compiled from two independent experiments. Statistical 
analyses were done using log-rank (Mantel-Cox) test. 
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2.3.3 CBD-IL-12 Demonstrates Increased Accumulation in Tumors and Decreased Systemic 

Circulation and Causes Profound Changes in the Tumor Microenvironment 

Recombinant CBD efficiently accumulates within tumors following i.v. administration193. 

To confirm that CBD-fused IL-12 targets the tumor, EMT6-bearing mice were injected with 

fluorescently labelled IL-12 or CBD-IL-12. As expected, CBD-IL-12 had significantly greater 

accumulation in the tumor compared to unmodified IL-12 (Fig. 5a). Increasing the molecular 

weight of a cytokine can alter its circulation half-life, which can potentially contribute to increased 

toxicity197. CBD-IL-12 exhibited much shorter serum half-life compared to the unmodified IL-12, 

despite having a larger molecular weight (Fig. 5b).  

EMT6 tumours are characterized by very sparse CD8+ T cell infiltration193, a property that 

is shared among many human immune-excluded tumor types198. To visualize how the TME is re-

shaped upon treatment with CBD-IL-12, we analyzed CD8+ T cell infiltration by 

immunohistochemistry (Fig. 5c). CBD-IL-12 therapy induced extensive infiltration of CD8+ T 

cells into the EMT6 tumor stroma, converting an immunologically cold tumor into a more inflamed 

one. 

In melanoma patients treated with rhIL-12, the ability to maintain a robust and prolonged 

elevation of IFNg is associated with positive clinical response199 and expression of IFNg-

responsive genes in the tumor predicts clinical response to immunotherapy200. Treatment with 

CBD-IL-12 but not unmodified IL-12 induced sustained levels of B16F10 intratumoral IFNg, the 

main mediator of antitumor activity of IL-12, for at least 4 days following treatment (Fig. 5d). On 

day 4 after treatment, the amount of intratumoral IFNg was about 4 times higher in the CBD-IL-

12-treated cohort compared to equimolar IL-12 (Fig. 5e).  
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Figure 5. CBD-IL-12 induces intratumoral inflammation by rapidly localizing into the tumor. a, 
Mice bearing EMT6 tumors were injected i.v. with 25 µg of DyLight 650-labeled IL-12 (n = 3) or 
CBD-IL-12 (n = 4). Fluorescence intensity in each tumor was measured using IVIS 1 hr post 
injection and normalized to the weight of the tumor. (Continued on the following page.)  



 31 

 

Additionally, CBD-fused IL-12 increased intratumoral levels of various proinflammatory 

cytokines/chemokines, such as CXCL10, a chemokine that is important for effector T cell 

recruitment57 and anti-angiogenesis150, and IL-1b, a cytokine required for priming of IFNg-

producing, antigen-specific CD8+ T cells201 (Fig. 5f-i). We also quantified tumor-infiltrating 

lymphocytes and identified IFNg-producing immune cells by in vivo injection of brefeldin A 

(BFA)202 in B16F10 melanoma model (Fig. 6). Treatment with CBD-IL-12 led to increases in 

CD8+ T cell-to-Treg ratio (Fig. 6d) and IFNg+ immune cells (Fig. 6g). IFNg-producing CD8+ T 

cells (Fig. 6h) constituted the majority of total IFNg production (Fig. 6m). 

2.3.4 CBD Fusion to IL-12 Decreases Systemic Toxicity 

One of the major hurdles in clinical translation of recombinant IL-12 therapy is the toxicity 

induced by this cytokine123. Systemic IFNg is the main contributor to the irAEs of IL-12. 

Experiments with IFNgR-/- mice revealed that most of the side effects are due to IL-12-induced 

IFNg162. Thus, we tested if CBD fusion can decrease the amount of IFNg in circulation in tumor-

Figure 5, continued. CBD-IL-12 induces intratumoral inflammation by rapidly localizing into the 
tumor. b, Naïve C57BL/6 mice were administered 25 µg IL-12 (n = 3) or equimolar CBD-IL-12 
(n = 3) via i.v. injection. Blood was collected at the indicated time points, plasma was separated 
and analyzed for IL-12p70 concentration via ELISA. c, Mice bearing established EMT6 tumors 
were injected i.v. with either PBS (left, n = 3) or 25 µg CBD-IL-12 (IL-12 molar eq., right, n = 3) 
and 3 days after injection, tumors were, fixed and stained with H&E and anti-mouse CD8 (brown). 
Scale bar = 400 µm. d, B16F10 melanoma-bearing mice were treated with either 25 µg IL-12 or 
equimolar CBD-IL-12 i.v. once on day 7 and tumors were harvested 2, 3 and 4 days after treatment. 
Tumors were homogenized for protein extraction and IFNg levels were quantified using ELISA 
and normalized by total tumor protein content. For day 2, n = 9. For day 3, n = 10. For day 4, n = 
5. f-i, Luminex assay was performed on day 4 tumor lysates and analyzed for indicated 
cytokines/chemokines (n = 5). Data are mean ± SEM. Experiments in a,b,c were performed twice, 
with similar results. Representative data are shown. In d, data were compiled from two independent 
experiments. Luminex assay was performed once on independent biological samples. Statistical 
analyses were done using unpaired, two-tailed t-test with Welch correction for a,f,g,h and two-
tailed Mann-Whitney test for d,e,i due to nonparametric data.  
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bearing mice. Serum IFNg peaked on day 2 after treatment (Fig. 7a, left). CBD fusion significantly 

decreased systemic IFNg levels across a broad range of doses (Fig. 7a, right). Notably, 50 µg of 

CBD-IL-12 (IL-12 molar basis) induced similar levels of serum IFNg as did 10 µg of unmodified 

IL-12.   

Figure 6. CD8+ T cells in the tumor are major producers of IFNg upon CBD-IL-12 therapy. a-m, 
5 × 105 B16F10 melanoma cells were inoculated intradermally on back skin and mice were treated 
with either PBS or CBD-IL-12 once on day 6 (n = 6 per group). On day 10, 250 µg of brefeldin A 
(BFA) was injected i.p. and tumors were collected 5 hr post BFA injection. (Continued on the 
following page.)  
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To further characterize the toxicity induced by cytokine treatment, we performed blood 

chemistry analysis on day 3 after treatment in tumor-bearing animals. Alanine aminotransferase 

(ALT), a liver damage marker, is upregulated in patients treated with rhIL-12123. In our mouse 

model, serum ALT activity peaked 3 days after administration of IL-12 (Fig. 7b, left). In accord 

with our systemic IFNg measurements, ALT activity levels were also reduced upon CBD fusion 

at doses of 10 µg and 25 µg (Fig. 7b, right). We found that the toxicity of CBD-IL-12, as indicated 

by serum IFNg and ALT activity, was diminished in tumor-free animals as well (Fig. 7c,d), likely 

due to much shorter serum half-life of CBD-IL-12197,203 and slightly decreased bioactivity. We 

also found that upon treatment with unmodified IL-12, but not CBD-IL-12, amylase and lipase 

levels were significantly elevated, suggesting reduced pancreatic damage (Fig. 8a,b). Total serum 

protein levels were significantly decreased in IL-12-treated mice, indicating potential liver and 

kidney disorder, whereas this was not observed in the CBD-IL-12-treated cohort (Fig. 8c). No 

significant changes in total bilirubin, creatinine and blood urea nitrogen levels were detected at 

this time point (Fig. 8d-f). We did not observe tissue damage based on histology sections of lungs 

Figure 6, continued. CD8+ T cells in the tumor are major producers of IFNg upon CBD-IL-12 
therapy. Tumors were processed and stained for flow cytometric analysis. Counts of CD3+CD8+ 
T cells (a), CD3+CD4+ T cells (b), CD3+CD4+Foxp3+ Tregs (c) per mg of tumor. Ratio of CD8+ T 
cells to Tregs (d). Counts of CD11b+F4/80+ cells (e) and CD11c+MHCII+ DCs (f) per mg tumor. 
g-k, Counts of IFNg+CD45+ immune cells (g), IFNg+CD8+ T cells (h), IFNg+CD4+ T cells (i), 
IFNg+CD11b+F4/80+ cells (j) and IFNg+ DCs (k) per mg tumor. l,m, Pie chart representing 
percentages of IFNg+ cells within total CD45+ cells after treatment with PBS (l) or CBD-IL-12 
(m). Experiment was performed twice with similar results. Representative data are shown. Data 
are mean ± SEM. Statistical analyses were performed using unpaired, two-tailed t-test with Welch 
correction for a,e,f,g and a two-tailed Mann-Whitney test for b,c,d,h,i,j,k due to nonparametric 
data. 



 34 

and kidneys (Fig. 8g). CBD-IL-12 did not induce body weight loss upon treatment (Fig. 8h). 

Together, these data suggest that systemic toxicity of IL-12 is markedly reduced by CBD fusion. 

Figure 7. CBD-IL-12 minimizes irAEs in tumour-bearing and non-tumour-bearing mice. a,b, 7 
days before cytokine treatment, 5 × 105 B16F10 melanoma cells were inoculated and mice were 
treated i.v. with either 10, 25, 50 µg IL-12 or with either 10, 25 or 50 µg CBD-IL-12 (IL-12 molar 
eq.) once on day 0. a, Kinetics of IFNg levels (left) and day 2 comparison (right) in the serum are 
shown. b, Kinetics of serum ALT activity (left) and day 3 comparison (right) are shown. Data are 
represented as fold of PBS-treated. For 10 µg groups, n = 4. For 25 µg groups, n = 11. For 50 µg 
groups, n = 5. c,d, Naïve C57BL/6 mice received either 25 µg IL-12 or 25 µg CBD-IL-12 (IL-12 
molar eq.) once on day 0 and bled on days 2 and 3 for IFNg and ALT activity measurements, 
respectively. n = 5 per group. Data are mean ± SEM. Data are compiled from three independent 
experiments. Statistical analyses between two groups were done using unpaired, two-tailed t-test 
with Welch correction. 
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Figure 8. CBD-IL-12 decreases pancreatic damage and does not cause lung and kidney damage. 
a-g, B16F10-tumor bearing mice received either PBS (n = 4), 25 µg IL-12 (n = 4) or 25 µg CBD-
IL-12 (IL-12 molar eq., n = 5) via i.v. injection. a-f, 3 days after treatment, serum was collected 
and analyzed for indicated damage markers using Vet Axcel Clinical Chemistry Analyzer. 
Amylase (a) and lipase (b) indicate pancreas damage. Total protein (c) and total bilirubin (d) 
indicate liver damage. Creatinine (e) and blood urea nitrogen (f) indicate kidney damage. g, 3 days 
after treatment, kidneys and lungs from mice were harvested, fixed and stained with H&E. 
Representative images are shown. h, Body weight change of B16F10 melanoma-bearing mice 
treated with PBS (n = 5) or 25 µg CBD-IL-12 (IL-12 molar eq., n = 7) via i.v. injection. Lines 
represent mean ± SEM. Statistical analyses were done using ordinary one-way ANOVA with 
Dunnett’s multiple comparison test. Experiments were performed twice with similar results. 
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2.3.5 CBD-IL-12 Triggers Activation of Innate and Adaptive Immunity in a Metastatic Model 

The advantage of CBD-IL-12 is accumulating in the tumor matrix after systemic 

administration, enabling treatment of both primary and metastatic tumors, including tumors in 

inaccessible tissues. We, thus, compared the antitumor efficacy of IL-12 and CBD-IL-12 in a 

B16F10 experimental lung metastasis model. 8 days after i.v. injection of B16F10 cells, metastatic 

nodules were visible in the lungs (Fig. 9). After treatment with IL-12 or equimolar CBD-IL-12 on 

day 8, lungs were harvested on day 17 for quantification of metastatic burden. A single injection 

of CBD-IL-12 reduced the metastatic burden ~2-fold compared with unmodified IL-12 (Fig. 9, 

Fig.  10a). We then investigated the immune cell infiltrates upon CBD-IL-12 therapy using flow 

cytometry. CBD-IL-12 treatment significantly increased the numbers of total T cells and CD8+ T 

cells and decreased the frequency of Treg cells within CD45+ cells compared to unmodified IL-12 

(Fig. 10b,c and Fig. 11a). Furthermore, the percentage of effector-memory CD8+ T cells was 

significantly increased in the CBD-IL-12-treated group (Fig. 10d). The ratio of effector CD8+ T 

cells to Tregs, an indicator of successful immunotherapy, was significantly elevated in the lungs of 

CBD-IL-12-treated mice (Fig. 10e). Although the total number of CD4+ T cells was similar across 

the groups, the proportion of effector CD4+ T cells was enriched in the CBD-IL-12-treated group 

(Fig. 11b,c). We did not observe any differences in NK cells (Fig. 11d) at this time point. 

IL-12 plays a key role in activating the antigen presentation pathways of professional APCs 

through IFNg-dependent mechanisms204. Treatment with CBD-IL-12 significantly increased the 

numbers of dendritic cells (DCs) (Fig. 10f), including cross-presenting migratory CD103+ DCs 

(Fig. 10g) and CD11b+ DCs (Fig. 10h). Furthermore, treatment with CBD-IL-12 led to an increase 

in the fraction of proinflammatory CD80+MHCII+ macrophages within total macrophages (Fig. 

10i)205,206. 
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Despite similar numbers of lung-infiltrating B cells, phenotypically these cells were more 

proinflammatory in the CBD-IL-12 group, as they expressed significantly higher levels of MHCII 

and CD86 (Fig. 11e, f). Collectively, the enhanced antitumor efficacy of CBD-IL-12 in a lung 

metastasis model indicates that our matrix-binding technology can be applied effectively to small, 

disseminated nodules, in addition to primary tumours, evoking a multifaceted immune reaction.  

Figure  9. CBD-IL-12 decreases metastatic burden in the lungs. 5 × 105 B16F10 cells were injected 
i.v. on day 0. 25 µg of IL-12. (n = 3) or equimolar CBD-IL-12 (n = 4) was administered 8 days 
after B16F10 inoculation, when metastatic nodules were visible. Data shown in Fig. 10a are 
depicted. Experiment was performed twice, with similar results. 
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Figure 10. CBD-IL-12 decreases metastatic tumour burden by triggering activation of innate and 
adaptive compartments of the immune system in the pulmonary metastatic model of B16F10 
melanoma. a, 5 × 105 B16F10 cells were injected i.v. on day 0. Mice were treated with either 25 
µg IL-12 (n = 3) or with equimolar CBD-IL-12 (n = 4) i.v. once on day 8 and sacrificed on day 
17. Metastatic burden was quantified using ImageJ software and normalized by total area of the 
lung. b-i, 2.5 × 105 B16F10 cells were injected i.v. on day 0. Mice were treated with either PBS (n 
= 6), 25 µg IL-12 (n = 12) or with equimolar CBD-IL-12 (n = 12) i.v. once on day 9 and lungs 
were collected on day 18. 2 × 106 live cells/well were plated for flow cytometric analysis. b, 
Percentages of CD3+CD8+ T cells within live cells. c, Frequency of CD3+CD4+CD25+Foxp3+ 
Tregs within lung-infiltrating immune cells (% of CD45+). d, Frequency of 
CD3+CD8+CD44+CD62L- effector CD8+ T cells within total CD8+ T cells. e, Ratio of effector 
CD8+ T cells to Tregs. (Continued on the following page.) 
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Figure 10, continued. CBD-IL-12 decreases metastatic tumour burden by triggering activation of 
innate and adaptive compartments of the immune system in the pulmonary metastatic model of 
B16F10 melanoma. f-h, Percentages of DCs (CD11c+MHCII+F4/80-) (f), CD103+ DCs (g), and 
CD11b+ DCs (h) within live cells. i, Frequency of MHCII+CD80+ macrophages within total 
macrophages (defined as CD11b+F4/80+). Lines represent mean ± SEM. Antitumor efficacy 
experiment (a) was performed twice, with similar results. Flow analysis was performed once on 
independent biological samples. Statistical analyses were done using unpaired, two-tailed t-test 
with Welch’s correction (a), ordinary one-way ANOVA with Tukey’s test for parametric data 
(b,c,d,f,g,h,i) and Kruskal-Wallis test followed by Dunn’s multiple comparison for nonparametric 
data (e). 

Figure 11. Immune cell infiltration in the lungs of B16F10 metastases-bearing mice. a-f, 2.5 × 105 
B16F10 cells were injected i.v. on day 0. Mice were treated with either PBS (n = 6), 25 µg IL-12 
(n = 12) or with 25 µg CBD-IL-12 (IL-12 molar eq., n = 12) i.v. once on day 9 and lungs were 
collected on day 18. 2 × 106 live cells/well were plated for flow cytometric analysis. a, Percentages 
of CD3+ T cells within live cells. b, Percentages of CD4+CD3+ T cells within live cells. c, 
Frequency of CD3+CD4+CD44+CD62L- effector CD4+ T cells within total CD4+ T cells. d, 
Percentages of NK1.1+ cells within live cells. e, Percentages of CD45+CD19+ cells within live 
cells. f, Frequency of MHCII+CD86+ B cells within total B cells (defined as CD45+CD19+). Lines 
represent mean ± SEM. Statistical analyses were done using ordinary one-way ANOVA with 
Tukey’s test for parametric data. For nonparametric data (f), Kruskal-Wallis test followed by 
Dunn’s multiple comparison was used. 
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To determine which cell subtypes play important roles in reduced metastatic burden in this 

model, we conducted a correlation analysis using the data from the flow cytometry analysis and 

tumor burden in individual animals (Fig. 12). Antitumor efficacy correlated with higher levels of 

total T cell infiltration, CD8+ T cell infiltration and decreased numbers of Tregs (Fig. 12a-c). 

Decreased metastatic burden did not correlate with increased numbers of lung-infiltrating NK cells 

(Fig. 12d). Effector CD8+ T cell-to-Treg ratio correlated strongly with diminished metastatic burden 

(Fig. 12e). The total number of DCs and CD103+ DCs, but not CD11b+ DCs, correlated with less 

tumor burden (Fig. 12f-h). Mice that had a higher proportion of CD80+MHCII+ macrophages had 

reduced metastatic burden, whereas an increased fraction of CD86+MHCII+ B cells did not 

correlate with improved antitumor activity in this model (Fig. 12i,j). 

2.3.6 CBD-IL-12 Synergizes with CPI therapy and Elicits an Antigen-specific Immune Response 

CPI therapy has revolutionized the treatment of melanoma patients, yet the majority of 

patients cannot achieve durable responses upon CPI immunotherapy. B16F10 melanoma responds 

poorly to CPI therapy207, likely due to impaired T cell infiltration and antigen presentation. 

Therefore, we examined if CBD-IL-12 can synergize with CPI therapy to treat large, established 

B16F10 tumors. Mice bearing day 9 tumours that sized around 120 mm3 were treated twice with 

either PBS, CPI (aCTLA-4 + aPD-1), CBD-IL-12, or CBD-IL-12 + CPI (Fig. 13a,b). As expected, 

CPI alone had little effect on the growth of B16F10 tumors. Although CBD-IL-12 alone initially 

induced tumor regression, no curative responses were observed in these more established tumors, 

in contrast to our observation in the less established (~60 mm3) tumors. CBD-IL-12 in combination 

with CPI, on the other hand, elicited a more long-lasting antitumor response, resulting in 7 CR out 

of 12 treated mice (58%). 
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Figure 12. Correlation analysis between various immune cell infiltrates and metastatic burden. a-
j, Simple linear regression analysis was performed using data presented in Fig. 10b-i and Fig. 11a-
f. Mice were treated as described in Fig. 10b-i. PBS, n = 6. IL-12, n = 12. CBD-IL-12, n = 12. 
Metastatic burden was quantified using ImageJ software and normalized by the total area of the 
lung. Immune cell subsets are defined in Fig. 10 and in Fig. 11. 
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Figure 13. CBD-IL-12 synergizes with CPI and elicits tumor antigen-specific response. a,b, 5 ´ 
105 B16F10 cells were inoculated intradermally on day 0. PBS (n = 5), a-PD-1 + a-CTLA-4 (CPI, 
100 µg each; n = 5), 25 µg CBD-IL-12 (IL-12 molar eq., n = 11) or CBD-IL-12 + CPI (n = 12) 
were administered on days 9 and 14. CBD-IL-12 was administered i.v. and CPI was administered 
i.p. Tumour growth curves (a) and survival curves (b) are shown. c-f, Tyr:Cre-ER+/LSL-
BrafV600E/PTENfl/fl mice received 50 µg of 4-OH-tamoxifen on their back. Mice were treated with 
CPI (n = 6) or CBD-IL-12 + CPI (n = 7) on days 25, 30, 39 and 44 post tamoxifen application. d-
f, On day 50, mice were bled for the analysis of circulating T cells. Box plots (median, min to max) 
for total CD8+ T cells (% of CD3+) (d), effector CD8+ T cells (% of CD8+ T cells) (e), and PD-1+ 
cells (% of effector CD8+ T cells) (f) are shown. g-i, Tyr:Cre-ER+/LSL-BrafV600E/PTENfl/fl/bCatSTA 
mice received 50 µg of 4-OH-tamoxifen on their back. Mice were treated with CPI (n = 4) or CBD-
IL-12 + CPI (n = 4) on days 25, 30, 35, 40, 45 post tamoxifen application. (Continued on the 
following page.) 
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Our combination immunotherapy did not involve any antigen-specific approaches, such as 

antitumor antibodies (e.g., TA99208) or vaccines comprising melanoma specific antigens (e.g., 

Trp1, Trp2, gp100), yet it resulted in regression of large B16F10 tumors. We hypothesized that 

mice whose B16F10 tumors were completely eradicated by CBD-IL-12 + CPI therapy developed 

a strong, antigen-specific immunological memory against melanoma antigens. To test this, we 

performed antigen restimulation of splenocytes from these mice. On day 60 post B16F10 

challenge, splenocytes were isolated from CBD-IL-12 + CPI-treated survivor mice and stimulated 

with several B16F10 antigens in vitro. Besides common B16F10 antigens (Trp1, Trp2 and gp100), 

we included recently reported B16F10 neoantigens209, kif18b and cps3fl, as well as melanocyte 

protein (pMel) and even B16F10 exosomes to further diversify the antigenic repertoire. After 

splenocyte culture in the presence of the indicated antigens, supernatants were analyzed for IFNg 

and IL-2 secretion by ELISA (Fig. 14 and Fig. 15). Our results demonstrate that CBD-IL-12 + CPI 

immunotherapy generated a broad antigen-specific response. For instance, we observed notable 

IFNg responses from Trp2- and pMel-stimulated splenocytes (Fig. 14c,d), and IL-2 responses from 

Trp1- and B16F10 exosome-stimulated splenocytes (Fig. 15b,g). 

  

Figure 13, continued. CBD-IL-12 synergizes with CPI and elicits tumour antigen-specific 
response. h,i, On day 50, tumours from CPI (n = 4) and CBD-IL-12 + CPI (n = 3) were excised, 
fixed and stained with DAPI (blue) and anti-mouse CD8 (purple). For each tumor sample, CD8+ 
T cells were counted within two different fields and average was calculated (mean ± SEM). 
Representative images (i) are shown. Scale bars, 200 µm. Tumor curves are represented as mean 
± SEM. Experiments in a,b, were performed twice, with similar results. BrafV600E/PTENfl/fl and 
BrafV600E/PTENfl/fl/bCatSTA experiments were performed once on distinct biological samples. 
Statistical analysis for a,c,d,e,g,h was done using unpaired, two-tailed t-test with Welch correction. 
For f, two-tailed Mann-Whitney test was applied due to nonparametric data. Statistical analysis 
for survival curve was done using log-rank test. 
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We then assessed the efficacy of CBD-IL-12 + CPI in the autochthonous genetically 

engineered BrafV600E/PTENfl/fl melanoma model210, which is partially responsive to CPI therapy211. 

CBD-IL-12 + CPI combination therapy elicited a robust control of established BrafV600E/PTENfl/fl 

melanoma growth, highlighting its strong efficacy in an induced autochthonous tumor model (Fig. 

6c). On day 50 post tamoxifen application, mice were bled for immune profiling of circulating 

CD8+ T cells (Fig. 13d-f). Mice treated with CBD-IL-12 + CPI combination experienced a 2-fold 

increase in circulating CD8+ T cells compared to CPI treatment alone within the CD3+ 

compartment (Fig. 13d). 

Figure 14. IFNg secretion of splenocytes from CBD-IL-12 + CPI-treated survivors and age-
matched naïve mice upon antigen restimulation. a-g, Mice were treated as described in Fig. 13a,b. 
Spleens from surviving mice (n = 5) or age-matched naïve mice (n = 5) were harvested and 
stimulated with indicated antigens. IFNg secretion from the supernatants was detected by ELISA. 
Experiment was performed twice, with similar results. 
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Nearly 60% of circulating CD8+ T cells were effector cells (Fig. 13e). CD8+CD44+ T cells 

expressed high levels of PD-1 (Fig. 13f), indicating that these T cells are antigen-experienced, 

suggesting tumor reactivity212. We further tested the efficacy of our combination therapy in an 

immune-desert, BrafV600E/PTENfl/fl/bCatSTA melanoma, which overexpresses b-catenin, rendering 

the tumor resistant to CPI therapy213. In this autochthonous model, combination of CBD-IL-12 

and CPI resulted in strong antitumor control (Fig. 13g) and 3-fold more CD8+ T cell infiltration 

into the tumor compared to CPI alone. Together, these results demonstrate that the combination 

Figure 15. IL-2 secretion of splenocytes from CBD-IL-12 + CPI-treated survivors and age-
matched naïve mice upon antigen restimulation. a-g, Mice were treated as described in Fig. 13a,b. 
Spleens from surviving mice (n = 5) or age-matched naïve mice (n = 5) were harvested and 
stimulated with indicated antigens. IL-2 secretion from the supernatants was detected by ELISA. 
Experiment was performed twice, with similar results. 
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of CBD-IL-12 with CPI is highly effective in both transplantable and cold, autochthonous tumor 

models, eliciting an effective, antigen-specific immune response. 

2.4 Discussion 

Immunotherapy has already shifted the paradigm of cancer treatment, yet improvement of 

the response rate and reduction of irAE frequency remains a major challenge214, driving 

exploration of other approaches. For example, in murine models, complete remission of large 

established tumors treated with the combination of antitumor cell antibody, IL-2, a-PD-1, and 

vaccination (AIPV) has been recently reported215. While effective, this method restricts generality, 

in that tumor cell type-specific therapeutics (the antibody and vaccine antigen components) are 

needed. Thus, development of alternative therapies that are tumor type-agnostic and well-tolerated 

are being sought.  

IL-12 is an attractive cytokine for activating multiple pathways of immunity. CBD-IL-12 

efficiently accumulated in the tumor upon i.v. administration, resulting in increased and sustained 

production of intratumoral IFNg. Elevated levels of intratumoral IFNg accompanied by decreased 

systemic IFNg suggests tumor-specific immune activation guided by CBD fusion. Prolonged 

induction of intratumoral IFNg results in activation of APCs, a key step in the priming of antitumor 

immunity, leading to strong CD8+ T cell responses216. This explains the durable antitumor response 

of CBD-IL-12 compared to unmodified IL-12. In the B16F10 melanoma model, CBD-IL-12 was 

much more effective than equimolar CBD-IL-2, our variant of another cytokine being explored in 

immunotherapy193. 

CBD-IL-12 treatment recruited CD8+ T cells into EMT6 tumors, likely due to chemokine 

upregulation upon intratumoral IFNg induction217,  turning an immune-excluded tumor into an 
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inflamed one. Because T cell recruitment is a critical challenge for immunotherapy, this suggests 

CBD-IL-12 can synergize with other immunotherapies. Indeed, we showed that a strong synergy 

exists between CBD-IL-12 and CPI therapy. This highlights the possibility to improve CPI therapy 

in the clinic by combination with CBD-IL-12, as means to recruit immune cells into poorly 

inflamed tumours. 

The CBD-based tumour targeting approach relies on accessible collagen in the tumour 

matrix and subsequent retention of the CBD-comprising agent in the tumour stroma. Exposed 

collagen around the blood vessels is a result of defective vasculature formation, a phenomenon 

that has been observed in human cancers218. We explored the targeting capability of CBD fusions 

in multiple tumor models with varying degrees of leakiness and inflammation. For example, 

primary B16F10 melanoma grows very rapidly, meaning that the vasculature in this model could 

potentially be very disordered. To explore response in smaller, metastatic lesions, where vascular 

remodelling is slower, we examined the pulmonary metastatic B16F10 model, in which CBD-IL-

12 was also more efficacious than the untargeted IL-12. We also showed favourable efficacy in 

two autochthonous models, where tumor growth is even slower, and one displays very low 

inflammation, boding well for the translatability of our matrix-targeting approach to human 

patients.  

Clinical trials using systemic rhIL-12 were terminated due to intolerable irAEs123,160. The 

main toxicities observed in these clinical trials were cytokine storm (particularly, high levels of 

serum IFNg) and grade 3 hepatotoxicity, defined as more than 5-fold increase of ALT over normal 

levels219. In our study, we demonstrate that CBD fusion to IL-12 significantly decreases serum 

IFNg and hepatic and pancreatic damage markers and does not cause any apparent histological 

damage in the kidneys and lungs. This, again, suggests that CBD-IL-12 activates antitumor 
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immunity rather than autoimmunity in healthy tissues. The beneficial effect on toxicity is not only 

due to sequestration of CBD-IL-12 in the tumor, since CBD fusion to IL-12 also decreased toxicity 

in non-tumour-bearing mice.  Decreased toxicity in tumor-free mice can be explained by slightly 

reduced EC50 and the substantially shorter serum half-life of CBD-IL-12 compared to IL-12. The 

faster systemic clearance may be due to binding to matrix in the liver and kidney, in which the 

endothelium is fenestrated, as we have previously observed193. In a clinical setting, this may be 

highly advantageous, since the toxicity benefit of CBD fusion does not fully depend on tumor 

burden. This may also be beneficial from a drug development point of view, as preclinical 

evaluation of toxicity is usually conducted in healthy animals. Thus, the accelerated clearance from 

the blood, paired with the prolonged pharmacodynamic effect in the tumor (as evidenced by 

intratumoral IFNg elevation) is particularly attractive. Our toxicity studies demonstrate that CBD-

IL-12 therapy is better tolerated than therapy with untargeted IL-12, which is encouraging for its 

clinical translation. 

For clinical translation, one additional advantage is that CBD-IL-12 can target tumor 

stroma after i.v. injection, which is a common route for many clinical anticancer drugs. Other 

injection routes, such as intratumoral injection, have been applied to rIL-12180,220 and plasmids 

encoding IL-12221. However, systemic injection of drugs is convenient, does not cause injection-

site reactions and can target not only superficial tumours, but also inaccessible/metastatic tumors. 

Interestingly, we observed that i.v.-injected CBD-IL-12 was more efficacious than p.t.-

administered CBD-IL-12. This may reflect more favourable accumulation of CBD-IL-12 within 

the tumor stroma by vascular distribution than along a needle track and associated interstitial 

dispersion222 and thus greater availability of CBD-IL-12 to the immune cells.  
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IL-12 has also been engineered for systemic administration as a fusion protein with 

antibodies against components that are specifically expressed within the tumour 

microenvironment, such as those targeting the ED-B domain of tumour fibronectin171 and necrosis-

derived DNA174. These strategies are being tested in the clinic, showing promise for employing 

active targeting approaches223. A potential shortcoming in using antibody-fused cytokines, though, 

is that they can generate anti-drug antibody responses224. By our design of CBD-IL-12, a potential 

advantage lies in the use of a CBD protein that naturally exists in the blood, here the A3 domain 

from VWF, limiting the possibility of immune system recognition. The only possible 

immunogenic component in our design is the (G3S)2 linker connecting CBD to each of the 

subunits. 

In conclusion, we have utilized a molecular engineering approach to improve IL-12 therapy 

in aspects of both efficacy and safety. CBD-IL-12 therapy induced a prolonged elevation in 

intratumoral IFNg while demonstrating lower systemic IFNg, compared to treatment with 

unmodified IL-12. CBD-IL-12 monotherapy eradicated immunologically cold tumors in the 

EMT6 breast cancer model by a single injection. Combination therapy with CPI induced regression 

of large and aggressive B16F10 tumors, stabilized the growth of the genetically-engineered 

BrafV600E/PTENfl/fl melanoma, and caused T cell infiltration in CPI-unresponsive 

BrafV600E/PTENfl/fl/bCatSTA melanoma. CBD-IL-12 therapy is not antigen-specific, but capable of 

antigen-specific response induction. CBD-IL-12 therapy is simple and highly efficacious, holding 

a high translational promise. 
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 2.5 Materials and Methods 

2.5.1 Mice and Cancer Cell Lines 

8 to 12-week-old C57Bl/6 female mice were purchased from Charles River Laboratory. 8 

to 12-week-old Balb/c female mice were purchased from Jackson Laboratory. B16F10 and EMT6 

breast cancer cell lines were obtained from ATCC and cultured according to instructions. Tyr:Cre-

ER+/LSL-BrafV600E/Ptenfl/fl and Tyr:Cre-ER+/LSL-BrafV600E/PTENfl/fl/bCatSTA mice, ages 6 to 12 

weeks were bred at the animal facility of the University of Chicago. All animal experiments 

performed in this work were approved by the Institutional Animal Care and Use Committee of the 

University of Chicago. Cell lines were routinely checked for mycoplasma contamination. 

2.5.2 Production and Purification of Recombinant IL-12 and CBD-IL-12 

For the production of wild-type IL-12, optimized sequences encoding murine p35 and p40 

subunits were synthesized and subcloned into mammalian expression vector pcDNA3.1(+) by 

Genscript. A sequence encoding (His)6 was added to the N-terminus of the p35 subunit to allow 

affinity-based protein purification. For the production of CBD-IL-12, sequence encoding the CBD 

protein (A3 domain of VWF193) was fused to the N-terminus of the murine p35 subunit via 

(GGGS)2 linker and to the C-terminus of the murine p40 subunit via (GGGS)2 linker. (His)6 tag 

was added to the N-terminus of the CBD-p35 subunit. Sequences encoding CBD-p35 and p40-

CBD were subcloned into mammalian expression vector pcDNA3.1(+) by Genscript. Suspension-

adapted HEK-293F were maintained in serum-free Free Style 293 Expression Medium (Gibco). 

On the day of transfection, cells were inoculated into fresh medium at a concentration of 1 ´ 106 

cells/mL. 500 µg/L p35 (or CBD-p35) plasmid DNA, 500 µg/L p40 (or p40-CBD) plasmid DNA 

were mixed with 2 mg/L linear 25 kDa polyethyleneimine (Polysciences) and co-transfected in 
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OptiPRO SFM medium (4% final volume). After 7 days of culture, supernatants were harvested, 

and purification was performed as described before193,225. Purified proteins were tested for 

endotoxin via HEK-Blue TLR4 reporter cell line and endotoxin levels were confirmed to be less 

than 0.01 EU/mL. Protein purity was assessed by SDS-PAGE as described previously193,226. 

Protein concentration was determined through absorbance at 280 nm using NanoDrop (Thermo 

Scientific). 

2.5.3 MALDI-TOF MS Analysis of IL-12 and CBD-IL-12 

IL-12 and CBD-IL-12 were analyzed by MALDI-TOF MS using Bruker Ultraflextreme 

MALDI-TOF/TOF instrument. All spectra were collected with acquisition software Bruker 

flexControl™ and processed with analysis software Bruker flexAnalysis™. First, a saturated 

solution of the matrix, α-cyano-4-hydroxycinnamic acid (Sigma-Aldrich), was prepared in 50:50 

(v/v) acetonitrile:(1% TFA in water). The analyte in PBS (5 µL, 0.1 mg/mL) and the matrix 

solution (25 µL) were then mixed and the mixture centrifuged for 2 min (myFUGE by 

Benchmark). The supernatant (1 µL) was then deposited on the MTP 384 ground steel target plate. 

The drop was dried rapidly in a nitrogen gas flow, which resulted in the formation of uniform 

sample/matrix co-precipitate. All samples were analysed using high mass linear positive mode 

method with 5000 laser shots at a laser intensity of 75%. The measurements were externally 

calibrated at three points with a mix of carbonic anhydrase, phosphorylase B, and bovine serum 

albumin. 

2.5.4 Analysis of STAT4 Phosphorylation by Flow Cytometry 

Mouse CD8+ T cells were purified from spleens of C57BL/6 mice using EasySep mouse 

CD8+ T cell isolation kit (Stem Cell). Purified CD8+ T cells (106 cells/mL) were activated in six-
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well plates precoated with 2 µg/mL a-CD3 (clone 17A2, Bioxcell) and supplemented with soluble 

5 µg/mL a-CD28 (clone 37.51, BioLegend) and 30 ng/mL mouse IL-2 (Peprotech) for 3 days. 

Culture medium was IMDM (Gibco) containing 10% heat-inactivated FBS, 1% 

Penicillin/Streptomycin and 50 µM 2-mercaptoethanol (Sigma Aldrich). After 3 days of culture, 

activated CD8+ T cells were rested for 6 hrs in fresh culture medium and were transferred into 96-

well plates (50,000 cells/well). Indicated amounts of IL-12 or CBD-IL-12 were applied to CD8+ 

T cells for 20 min at 37 °C to induce STAT4 phosphorylation. Cells were fixed immediately using 

BD Phosflow Lyse/Fix buffer for 10 min at 37 °C and then permeabilized with BD Phosflow Perm 

Buffer III for 30 min on ice. Cells were stained with Alexa Fluor (AF) 647-conjugated antibody 

against pSTAT4 (clone 38, BD) recognizing phosphorylation of Tyr693. Staining was performed 

for 1 hr at room temperature (RT) in the dark. Cells were acquired on BD LSR and data were 

analysed using FlowJo (Treestar). Mean Fluorescence Intensity (MFI) of pSTAT4+ population was 

plotted against cytokine concentration. Dose-response curve was fitted using Prism (v8, 

GraphPad). 

2.5.5 Splenocyte Activation Test 

To assess in vitro bioactivity of produced IL-12 and CBD-IL-12, splenocytes were isolated 

from C57Bl/6 mice, plated in 96-well plates at 5 x 105 cells/well. CBD-IL-12 or IL-12 were added 

to the wells at indicated concentrations. 48 h later, cell supernatants were assayed using IFNg 

ELISA (Invitrogen). Culture medium was RPMI (Gibco) supplemented with 10% heat inactivated 

FBS, 1% Penicillin/Streptomycin, 5 mM HEPES (Gibco) and 10 ng/mL mouse IL-2 (Peprotech). 

Dose-response curve was fitted using Prism (v8, GraphPad). 
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2.5.6 Surface Plasmon Resonance (SPR) Against Collagen I and III  

SPR measurements were made with a Biacore X100 SPR system (GE 

Healthcare). Collagen I or collagen III (EMD Millipore) was immobilized via amine coupling on 

a CM5 chip (GE Healthcare) for ~1000 resonance units (RU) according to the manufacturer’s 

instructions. CBD-IL-12 was flowed for 90 sec (for collagen I) and for 30 sec (for collagen III) at 

increasing concentrations in the running buffer at 30 μL/min. The sensor chip was regenerated 

with 50 mM NaOH for every cycle. Specific binding of CBD-IL-12 to collagen was calculated 

automatically using the response to a non-functionalized channel as a reference. Binding curves 

were fitted using BIAevaluation software (GE Healthcare). Binding results were fitted with 

Langmuir binding kinetics (1:1 binding with drifting baseline Rmax local).  

2.5.7 Detection of IL-12 and CBD-IL-12 Binding to Human Melanoma Cryosections 

Human melanoma cryosections were purchased from OriGene Technologies. Cryosections 

were first blocked with 2% BSA in PBS-T at RT. 50 µg of CBD-IL-12 (IL-12 molar basis) or IL-

12 were added to sections and incubated for 2 hr at RT. Tissues were then stained with the 

following primary antibodies: rabbit anti-human collagen I antibody (Abcam, ab34710), mouse 

anti-human CD31 antibody (Abcam, ab119339) and rat anti-mouse IL-12p70 antibody (from 

mouse IL-12p70 ELISA kit, Invitrogen). Tissues were then stained with the following 

fluorescently-labelled secondary antibodies: Alexa 594-labeled donkey anti-rat IgG (Jackson 

Immunoresearch Labs, 712586153), Alexa 488-labeled donkey anti-mouse IgG (Jackson 

Immunoresearch Labs, 715546151), and Alexa 647-labeled donkey anti-rabbit IgG (Jackson 

Immunoresearch Labs, 711605152). Secondary antibody staining was performed for 1 hr. Sections 

were then covered with Prolong Gold Antifade Mountant containing DAPI (Thermo Fisher) and 
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sealed with a coverslip. Microscopy was performed using IX73 microscope (Olympus) and images 

were processed using ImageJ software (NIH). 

2.5.8 Antitumor Efficacy of IL-12 and CBD-IL-12 

For the primary tumour model of B16F10 melanoma, 5 ́  105 B16F10 cells were inoculated 

intradermally on the back of the female C57Bl/6 mouse in 30 µL sterile PBS. For the EMT6 

mammary carcinoma model, 5 ´ 105 EMT6 cells were injected into the left mammary fat pad of 

female Balb/c mice in 30 µL sterile PBS. For the secondary challenge of EMT6 carcinoma, 5 ´ 

105 EMT6 cells were injected in the opposite mammary fat pad, 3 months after the primary 

challenge. Dose and schedule of the cytokines and antibodies are described in the figure legends. 

For i.v. routes, compounds were injected in 100 µL volume. For p.t. injection, compounds were 

administered in 30 µL volume.  The volume of the tumour was calculated using the following 

formula: (height) ´ (width) ´ (thickness) ´ (p/6). Mice were sacrificed when the tumour volume 

reached 1000 mm3 and/or based on humane end-point criteria. 

2.5.9 Tumor Accumulation in EMT6-bearing Mice and Biodistribution in Tumor-free Mice 

IL-12 or CBD-IL-12 protein was fluorescently labelled using DyLight 650 NHS ester 

(Thermo Fisher), and unreacted dye was removed by a Zebaspin spin column (Thermo Fisher) 

according to the manufacturer’s instruction. For tumour accumulation experiments, total of 

5 × 105 EMT6 cells re-suspended in 50 μL of PBS were injected subcutaneously into the 

mammary fat pad on the right side of each Balb/c mouse. When the tumour reached approximately 

500 mm3, 25 μg DyLight 650 labelled IL-12 or 25 μg (16.5 µg IL-12 basis) DyLight 650-labeled 

CBD-IL-12 was injected i.v. 1 hr after injection, mice were sacrificed, and tumours were extracted 

and imaged with the Xenogen IVIS Imaging System 100 (Xenogen) under the following 
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conditions: f/stop: 2; optical filter excitation 640 nm; emission 670 nm; exposure time: 0.5 sec; 

small binning. The protein amount in each tumour was calculated based on a standard dilution 

series of IL-12 or CBD-IL-12 labelled with DyLight650 and normalized to the weight of the 

tumour. Biodistribution experiment in tumour-free mice was performed similarly. 

2.5.10 Pharmacokinetics of IL-12 and CBD-IL-12 

Naïve C57Bl/6 mice received doses of 25 µg of IL-12 or 25 µg of CBD-IL-12 (IL-12 

equimolar basis) i.v. (n = 3/group). 15 µL of blood was collected from the tail 10 min, 30 min, 60 

min and 240 min after injection in EDTA-containing heparinized tubes. Plasma was separated and 

concentrations of IL-12 and CBD-IL-12 were measured by IL-12p70 ELISA (Invitrogen). Plasma 

was diluted 5000 times for 10, 30 and 60 min, and 1000 times for 240 min. In-house-produced IL-

12 and CBD-IL-12 served as the standards for the ELISA. No endogenous IL-12 could be detected 

from PBS-injected mice. Plasma half-life was estimated assuming one phase decay model (v8, 

GraphPad Prism). 

2.5.11 Serum IFNg and Blood Chemistry Analysis 

For assessment of serum IFNg, mice were treated with either IL-12 or molar equivalent of 

CBD-IL-12. On indicated days, blood was collected in protein low-binding tubes (Eppendorf). 

Blood was allowed to clot overnight at 4°C. The next day, serum was obtained by centrifugation 

at 4000 ´ g for 10 min. IFNg ELISA (Invitrogen) was performed on the sera (18x dilution) 

according to manufacturer’s instructions. No endogenous IFNg could be detected at this dilution 

from PBS-treated animals. Alanine aminotransferase (ALT) assay (Sigma-Aldrich) was performed 

using sera (4x dilution), according to manufacturer’s instructions. Serum amylase, lipase, total 
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protein, total bilirubin, creatinine, and blood urea nitrogen were determined using Vet Axcel blood 

chemistry analyser (Alfa Wasserman). 

2.5.12 Histological Assessment of Lungs and Kidney 

5 ´ 105 B16F10 cells were inoculated intradermally on the back of the female C57Bl/6 

mouse in 30 µL sterile PBS. Mice received doses of 25 µg of IL-12 or 25 µg of CBD-IL-12 (IL-

12 equimolar basis) i.v. 7 days after inoculation. 3 days after cytokine treatment, lungs and kidneys 

were collected and fixed with 2% paraformaldehyde. After paraffin embedding, blocks were cut 

into 5 µm sections, followed by staining with hematoxylin and eosin. Slides were imaged by EVOS 

FL Auto (Life Technologies). Slides were blindly assessed for tissue damage. 

2.5.13 Histological Analysis of EMT6 Tumors 

5 ´ 105 EMT6 cells were injected into left mammary fat pad of Balb/c mice. 7 days later, 

mice were treated with either PBS or CBD-IL-12 (25 µg IL-12 basis). On day 10, tumors were 

collected and fixed with 2% paraformaldehyde. After paraffin embedding, blocks were cut into 5 

µm sections, followed by staining with hematoxylin and eosin. After deparaffinization and 

rehydration, tissue sections were treated with target retrieval solution (S1699, DAKO) and heated 

in steamer for 20 min at temperature >95 C°. Tissue sections were incubated with anti-mouse CD8 

antibody (clone 4SM15, eBioscience) for 1 hr incubation at RT in a humidity chamber.  Following 

TBS wash, the tissue sections were incubated with biotinylated anti-rat IgG (10 µg/mL, Vector 

laboratories) for 30 min at RT. The antigen-antibody binding was detected by Elite kit (PK-6100, 

Vector Laboratories) and DAB (DAKO, K3468) system. Slides were imaged by EVOS FL Auto 

(Life Technologies). 
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2.5.14 Intratumoral IFNg Kinetics and Intratumoral Cytokines/chemokines 

Mice bearing day 7 B16F10 tumours were treated with either IL-12 or CBD-IL-12 and 

sacrificed on day 9, 10 and 11. Tumours were collected, snap frozen in liquid nitrogen and stored 

at -80°C. Tumours were then homogenized in Tissue Protein Extraction buffer (T-PER, Thermo 

Fisher). Protease inhibitor tablets (Roche) were added to the T-PER buffer. Tumours were placed 

in Lysing Matrix D tubes (MP Bio). Homogenization was performed using FastPrep tissue 

homogenizer (MP Bio). IFNg was quantified using IFNg ELISA (Invitrogen) and normalized by 

total protein content. Total protein content was measured using Pierce BCA Protein Assay 

(Thermo Fisher). Luminex assay was performed using Milliplex assay (Millipore Sigma) 

according to manufacturer’s instructions. 

2.5.15 Analysis of In Vivo IFNg-producing Cells in B16F10 Melanoma 

Protocol for identification of in vivo IFNg-producing immune cells has been described 

previously202. 5 ´ 105 B16F10 cells were inoculated intradermally on the back of the female 

C57Bl/6 mouse in 30 µL sterile PBS. 6 days after tumour implantation, mice were treated with 

either PBS or CBD-IL-12. On day 10, mice were given 250 µg of brefeldin A (BFA) (Sigma 

Aldrich) in 500 µL via intraperitoneal (i.p.) injection. 5 hr after BFA injection, tumours were 

harvested and digested for 30 min at 37 °C. Digestion medium was DMEM (Gibco) supplemented 

with 5% FBS, 2.0 mg/mL Collagenase D (Sigma), 20 µg/mL DNAse I (Worthington 

Biochemical), 1.2 mM CaCl2 and 10 µg/mL BFA. Single-cell suspensions were prepared using a 

70 µm cell strainer (Fisher). 20 mg of tumour was plated per well. For antibodies against surface 

targets, the staining was done in PBS with 2% FBS. For intracellular targets, staining was 

performed according to the manufacturer’s protocols (00-5523-00, Thermo Fisher Scientific). 
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Following anti-mouse antibodies were used: CD45 Allophycocyanine-Cy7 (APC-Cy7) (clone 30-

F11, BioLegend), CD3e BUV395 (clone 145-2C11, BD), CD4 Brilliant Violet (BV) 785 (clone 

RM4-5, BioLegend), CD8a BV510 (clone 53-6.7, BioLegend), Foxp3 PE (clone MF23, BD), 

CD11c PE-Cy7 (clone N418, BioLegend), NK1.1 BV605 (clone PK136, BioLegend), MHCII 

PerCP-Cy5.5 (clone, M5/114.15.2, BioLegend), CD11b BUV737 (clone M1/70, BD), IFNg APC  

(clone XMG1.2, BioLegend), F4/80 AF488 (clone BM8, BioLegend), CD103 eFluor 450 (clone 

2E7, ThermoFisher). Cell viability was determined using the fixable viability dye eFluor 455UV 

dye (65-0868-14, eBioscience). Cells were acquired on BD LSR and data were analysed using 

FlowJo (Treestar). 

2.5.16 Pulmonary Metastatic Model of B16F10 Melanoma 

For the pulmonary metastasis model of B16F10 melanoma, female C57Bl/6 mice were 

injected i.v. with 5 ´ 105 B16F10 cells in 100 µL volume. Mice received treatment 8 days after the 

challenge. On day 17, the lungs were perfused with PBS and imaged for quantification of the 

metastatic burden. To assess the metastatic burden, we quantified the total area of B16 nodules 

using ImageJ (NIH) and normalized it by the total area of the lung.  

2.5.17 Generation of Single-cell Suspension from the Lungs for Flow Cytometry 

Mice were perfused through the left ventricle of the heart with 10 mL of PBS. The lung 

lobes were then isolated and digested. Briefly, the lobes were cut into small pieces with a scissor 

and then digested in 5 mL DMEM (Gibco) with 5% FBS, 1 mg/mL Collagenase IV (Worthington 

Biochemical), 3.3 mg/mL Collagenase D (Sigma), 20 µg/mL DNAse I (Worthington Biochemical) 

and 1.2 mM CaCl2 for 60 min at 37 °C on a shaker. After quenching the media with 5 mM EDTA 

(Gibco), single-cell suspensions were prepared using a 70 µm cell strainer (Fisher). Finally, red 
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blood cells were lysed with 1 mL ACK lysing buffer (Gibco) for 90 sec and neutralized with 10 

mL DMEM media with 5% FBS.  

2.5.18 Analysis of Immune Infiltrates in the Pulmonary Metastatic Model of B16F10 Melanoma 

Single cell suspensions were counted after digestion and 2 ´ 106 live cells/well were plated 

for staining. For antibodies against surface targets, the staining was done in PBS with 2% FBS. 

For intracellular targets, staining was performed according to the manufacturer’s protocols (00-

5523-00, Thermo Fisher Scientific). The following anti-mouse antibodies were used for flow 

cytometry: CD45 APC-Cy7 (clone 30-F11, BioLegend), CD3e BUV395 (clone 145-2C11, BD), 

Foxp3 AF647 (clone MF23, BD), CD8a AF488 (clone 53-6.7, BioLegend), CD4 BV785 (clone 

RM4-5, BioLegend), CD25 PE (clone PC61, BioLegend), CD44 PerCP-Cy5.5 (clone IM7, 

BioLegend), CD62L BUV737 (clone MEL-14, BD), NK1.1 BV421 (clone PK136, BD), CD103 

PE (clone 2E7, BioLegend), CD86 BV510 (clone GL-1, BioLegend), F4/80 APC (clone A3-1, 

AbD Serotec), CD11c PE-Cy7 (clone N418, BioLegend), CD11b BV786 (clone M1/70, BD), 

CD80 BUV737 (clone 16-10A1, BD Biosciences), CD19 BUV395 (clone 1D3, BD), Ly6G FITC 

(clone 1A8-Ly6g, eBioscience), Ly6C BV605 (clone HK1.4, BioLegend), MHCII PerCP-Cy5.5 

(clone, M5/114.15.2, BioLegend), CD8a PacBlue (53-6.7, BioLegend). Cell viability was 

determined using the fixable viability dye eFluor 455UV dye (65-0868-14, eBioscience).  

2.5.19 Combination Therapy with Checkpoint Inhibitors (CPI) 

In combination therapy studies, 5 ´ 105 B16F10 cells in 30 µL were injected intradermally 

on the back of the female C57Bl/6 mice. PBS, 25 µg CBD-IL-12 (IL-12 molar eq.) and CPI were 

administered on days 9 and 14 post B16F10 challenge. CPI stands for a combination of 100 µg a-
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CTLA-4 (9H10, Bioxcell) and 100 µg a-PD-1 (29F.1A12, Bioxcell). CPI was administered via 

i.p. injection. CBD-IL-12 was administered via i.v. injection. 

2.5.20 Induction of Autochthonous BrafV600E/PTENfl/fl and BrafV600E/PTENfl/fl/bCatSTA Tumor 

Models, Analysis of Circulating T cells and Immunofluorescence  

8-12-week old Tyr:Cre-ER+/LSL-BrafV600E/Ptenfl/fl mice were shaved on the back and 5 µL 

of 4-OH-tamoxifen was applied topically. 25 days after tamoxifen application, mice were divided 

into two groups. CPI-treated cohort received a-PD-1 and a-CTLA-4 i.p., 100 µg each. CBD-IL-

12 + CPI-treated mice received 25 µg of CBD-IL-12 (IL-12 molar eq.) via i.v. injection and 

indicated amount of CPI via i.p. injection. The same treatment was given on days 30, 39 and 44 

for a total of 4 treatments. Tumor size was measured using calipers and the tumor volume was 

calculated according to the following formula: (width) ´ (height) ´ (thickness) ´ p/4. For the 

analysis of circulating CD8+ T cells from BrafV600E/PTEN-/- mice, mice were bled on day 50 post 

tamoxifen induction. Red blood cells were lysed with ACK lysing buffer (Gibco). Cell viability 

was assessed with the Fixable Viability Dye eFluor 455 UV from eBioscience. Antibodies used 

for flow cytometry included: CD45 APC-Cy7 (clone 30-F11, BioLegend), CD3 FITC (clone 145-

2C11, BioLegend), CD8α PE-Cy7 (clone 53-6.7, BioLegend), CD62L BUV737 (clone MEL-14, 

BD), CD44 PerCP-Cy5.5 (clone IM7, BD) and PD-1 BV605 (clone 29F.1A12, BioLegend). 

Induction of melanoma in Tyr:Cre-ER+/LSL-BrafV600E/Ptenfl/fl/bCatSTA mice was performed 

similarly227. 25 days after tamoxifen application, mice received either CPI or CBD-IL-12 + CPI 

(dosed as mentioned above). Treatment was given every 5 days until day 45. On day 50, tumors 

were excised and fixed in formalin-free zinc fixative (BD) for 2 days. Tumors were placed in 15% 

sucrose (in TBS) for 2 days followed by 30% sucrose (in TBS) for additional 2 days. Tumors were 
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frozen and 7-µm sections were obtained. Cryosections were blocked with 0.5% casein in TB for 1 

hr at RT. Sections were then incubated with rat anti-mouse CD8a (clone 53-6.7, BD) for 2 hr at 

RT. Slides were incubated with AF594-conjugated goat anti-rat (Jackson ImmunoResearch Labs) 

for 1 hr at RT. Sections were then covered with Prolong Gold Antifade Mountant containing DAPI 

(Thermo Fisher) and sealed with a coverslip. Microscopy was performed using IX73 microscope 

(Olympus). Image processing and CD8+ T cell counting was performed using ImageJ software 

(NIH).  

2.5.21 Antigen Restimulation of Splenocytes 

Spleens were harvested from mice that cured B16F10 melanoma by CBD-IL-12 + CPI 

immunotherapy or from age-matched naïve mice. Splenocytes were plated at a density of 106/well 

in 200 µL of DMEM (Gibco) supplemented with 10% heat-inactivated FBS and 1% 

Penicillin/Streptomycin. Peptides used in restimulation assays were synthesized by Genscript and 

the sequences were as follows: gp100 (KVPRNQDWL), Trp1 (CRPGWRGAACNQKI), Trp2 

(SVYDFFVWL), kif18b (PSKPSFQEFVDWENVSPELNSTDQPFLP, mutation K739N), cps3fl 

(EFKHIKAFDRTFANNPGPMVVFATPGML, mutation D314N). Bold amino acid represents the 

mutation. pMel (SILV) protein was purchased from Abnova. Peptides were used at a concentration 

of 2 µg/mL, pMel protein was used at 5 µg/mL. B16 exosomes were produced in-house and used 

at 50 µg/mL. All samples were run in duplicate. Cells were cultured for 72 hr. Cell culture 

supernatants were collected and immediately assayed for IL-2 and IFNg by ELISA (Invitrogen).  

2.5.22 Statistical Analysis 

Statistical analysis between groups was performed using Prism software (v8, GraphPad). 

For multiple comparisons of means, one-way ANOVA followed by Tukey’s post hoc test was used 
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if the data were found to be parametric by Brown-Forsythe test. For nonparametric data with 

multiple groups, Kruskal-Wallis test followed by Dunn’s multiple comparison test was used. For 

comparison between two groups, a two-tailed Student’s t-test with Welch’s correction was used. 

For nonparametric data with two groups (determined by F test), Mann-Whitney test was used. 

Survival curves between two groups were analyzed using the log-rank (Mantel-Cox) test. 
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CHAPTER 3:  

ELIMINATING THE IMMUNOTOXICITY OF INTERLEUKIN-

12 THROUGH PROTEASE-SENSITIVE MASKING 

3.1 Abstract 

Checkpoint inhibitor (CPI) immunotherapy demonstrates modest efficacy against 

immunologically ‘cold’ or immune-excluded tumors. Although interleukin-12 (IL-12) is a 

powerful antitumor cytokine that enables activation and recruitment of immune cells into tumors, 

its widespread use in the clinic has been hindered due to severe immune-related adverse events 

(irAEs). An ideal IL-12 therapy would restrict the proinflammatory effects of IL-12 to the tumor 

site, while limiting its exposure in the periphery. Here, we solved the IL-12 toxicity challenge by 

exploiting the preferential overexpression of proteases in the tumor to engineer tumor-selective, 

masked IL-12. A receptor-based masking domain was fused to IL-12 via a protease-cleavable 

linker and prevented IL-12 from signaling systemically, whereas proteolytic cleavage of the linker 

domain by tumor-associated enzymes restored the biological activity of IL-12. We demonstrate 

that intravenously (i.v.) administered, masked IL-12 produces strong therapeutic effects through 

remodeling the immune-suppressive microenvironment and renders CPI-resistant tumors 

responsive, while systemic irAEs are eliminated, boosting the therapeutic index of this promising 

cytokine. 
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3.2 Introduction 

 CPI therapies, such as anti-programmed death 1 (aPD-1) antibodies, have demonstrated 

tremendous success in the treatment of certain cancer types; yet increasing evidence suggests that 

these therapies are largely ineffective in immunologically ‘cold’ tumors due to a lack of 

sufficiently primed CD8+ T cells228,229. The immunosuppressive tumor microenvironment (TME) 

is dominated by regulatory T (Treg) cells and protumorigenic macrophages (i.e., M2-like 

macrophages)230. Patients who respond well to CPI therapies tend to exhibit a T helper 1- (Th1)-

biased TME, driven by the expression of interferon-g (IFNg) and IFNg-related genes231,232. An 

approach that can safely transform immunologically cold tumors into inflamed tumors would both 

increase the proportion of patients responding to CPI therapies and offer alternative treatment 

options for CPI non-responders. Remodeling of such an immunosuppressive TME can be achieved 

by proinflammatory cues that induce Th1 cytokine and chemokine profiles.  

Immunostimulatory agents, including proinflammatory cytokines, may overcome CD8+ T 

cell exclusion by triggering a wide array of inflammatory responses, leading to infiltration and 

activation of antitumor CD8+ T cells233. IL-12 is an attractive cytokine that stimulates both the 

innate and the adaptive immune system and is able to activate antigen-presenting cells (APCs)138. 

We have previously seen potency of an engineered IL-12 in multiple murine cancer models 

including complete remissions, which, in our hands, was stronger than other clinically-approved 

immunotherapies such as CPIs or IL-2234. The antitumor effects of IL-12 are mostly mediated by 

IFNg, a direct downstream molecule that is secreted by T and natural killer (NK) cells235.   

Despite these strong therapeutic effects, clinical trials examining recombinant IL-12 have 

failed due to dose-limiting irAEs123, as anticancer activity was observed at or above the maximum 
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tolerated dose169. Numerous attempts of IL-12 clinical translation have been made for over three 

decades, yet no IL-12 products have been approved in the clinic. Therefore, solving the challenge 

presented by IL-12-induced irAEs is crucial to translate this powerful antitumor cytokine to the 

clinic.  

After IL-12 administration, cytokine release syndrome and liver damage have been 

observed in clinical trials123. A high concentration of circulating IFNg mediates these side effects, 

as evidenced by studies conducted in mice lacking the IFNg receptor162 and by administration of 

neutralizing antibodies against IFNg159,160. Yet IFNg is indispensable for antitumor efficacy of IL-

12 therapy235, signifying the importance of developing an engineered IL-12 that would localize the 

therapeutic effects to the tumor site while sparing healthy tissues and the circulation. 

Here, we designed a protein engineering approach as a solution for IL-12’s toxicity and 

remodeling the cold TME. We describe a strategy to block the signaling activity of IL-12 by 

masking the receptor binding site of IL-12 with a fused receptor domain, attached via a tumor 

protease-cleavable linker, so that the activity is selectively restored upon proteolytic cleavage in 

the TME. 

3.3 Results 

3.3.1 In Vitro Activation of Masked IL-12 Leads to Fully Restored IL-12 Bioactivity 

Latency can be conferred to cytokines upon fusion of domains that inhibit cytokine-

receptor interaction236,237. We hypothesized that fusion of the first two fibronectin type-III domains 

of the mouse IL-12 receptor b1 (IL12Rb1; Q20-A261, referred to herein as the mask, “M”) to IL-

12 would render it inactive (Fig. 16a and Fig. 17a).  
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By exploiting the heterodimeric structure of IL-12, we fused the mask to the N-terminus of p35 

subunit and co-transfected it with p40, with the idea that the mask would engage p40238. By varying 

the distance between M and p35, we determined that the optimal length of the linker that prevented 

aggregation/dimerization is approximately 45 amino acids (Fig. 17b-d). 

We then expressed several masked IL-12 variants with various linker substrates (Ln, where 

n refers to linker ID) that can be cleaved by different tumor proteases (Table 1).  

  

Figure 16. Masked IL-12 fully regains activity upon treatment with recombinant proteases. a, 
Schematic of masked IL-12 in healthy tissues (no signaling) and in the tumor, with the mask being 
cleaved by various tumor-associated proteases. b, SDS-PAGE analysis of the cleavage of masked 
IL-12 variants by recombinant proteases. IL-12 (50 µg/ml; 0.84 µM), M-L3-IL12 (0.84 µM) or M-
L2-IL12 (0.84 µM) were incubated with activated MMP2 (2 µg/ml), MMP9 (5 µg/ml) for 30 min 
at 37°C or with uPA (10 µg/ml) for 2.5 hr at 37°C. c,d, Dose-response relationship of 
phosphorylated STAT4 (pY693) with MMP2-treated M-L3-IL12 (c) and uPA-treated M-L2-IL12 
(d) in preactivated primary mouse CD8+ T cells (n=2 per condition, technical duplicates). Data are 
mean ± s.e.m. Experiments were performed at least twice, with similar results. Representative data 
are shown. 
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We characterized proteolytic cleavage of masked IL-12 molecules, namely M-L3-IL12 and M-L2-

IL12, by treating them with recombinant matrix metalloproteinase-2 (MMP2), MMP9 or 

urokinase-plasminogen activator (uPA), a serine protease (SP), and visualized the cleavage by 

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 16b). 

Table 1. Amino acid sequences of the linkers used. Cleavable domains are bolded. 

Linker ID Amino acid sequence Cleaved by 
L1 (GGGS)2(HPVGLLAR)3(GGGS)2 MMP2, MMP9 

L2 (GGGS)2(SGLLSGRSDNH)3(GGGS)2 uPA, matriptase, 
legumain 

L3 (GGGS)2(VPLSLYSG)3(GGGS)2 MMP2, MMP7, MMP9 
L4 (GGGS)2(VPLSLYSG)(GGGS)2(LSGRSDNH)2(GGGS)2 MMPs and SPs 
L6 (HPVGLLARVPLSLYSG)2(LSGRSDNH)(GGGS)2 MMPs and SPs 

Figure 17. Size exclusion chromatograms of affinity-purified masked IL-12 constructs. a, 
Molecular schematic of masked IL-12. (His)6-tagged masked IL-12 constructs containing (G3S)2 
(b), (G3S)5 (c), and (G3S)11 (d) linkers between the mask and the p35 were expressed in HEK-
293F cells and purified via Nickel-based affinity purification as described in the Materials and 
Methods. After elution, samples were loaded on size-exclusion columns to determine the optimal 
length between the mask and the p35 subunit. The masked IL-12 molecule in (b) was mostly eluted 
in aggregates and dimers. The masked IL-12 molecule in (c) still contained some dimer population 
at ~65 mL whereas the masked IL-12 containing (G3S)11 linker (d) was homogenous monomer. 
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Proteolytic cleavage of MMP-sensitive M-L3-IL12 (containing three repeats of VPLSLYSG239) 

and SP-sensitive M-L2-IL12 (containing three repeats of LSGRSDNH240) yielded molecules 

corresponding to the molecular weight of IL-12. These proteases did not digest wild-type IL-12 

itself. To test whether the cleaved molecules are bioactive, we stimulated preactivated mouse CD8+ 

T cells with either latent or activated forms of masked IL-12 (Fig. 16c,d). The intact masked IL-

12 variants were ~80-fold less active than the unmodified IL-12 as measured by phosphorylation 

of signal transducer and activator of transcription 4 (STAT4) in the absence of proteases, whereas 

proteolytic activation of engineered IL-12 fully restored the activity. To test if the mask does not 

associate with IL-12 after proteolytic cleavage, we incubated the soluble, extracellular portion of 

IL-12Rb1 with IL-12 at 1:1 molar ratio and performed STAT4 stimulation assay (Fig. 18). Soluble 

IL-12Rb1 only minimally affected IL-12 signaling, suggesting that the mask inhibits IL-12 

bioactivity only when it is intact. Furthermore, the affinity of IL-12 for the full receptor complex 

Figure 18. Soluble IL-12Rb1 does not abrogate the IL-12 signaling when kept at equimolar ratio. 
IL-12 and extracellular portion of IL-12Rb1 were incubated for 1 hr at 37 C° to allow for complex 
formation. Pre-activated primary mouse CD8+ T cells were then treated for 15 min with either IL-
12 alone or the preincubated complex of IL-12 and the IL-12Rb1 (1:1 molar ratio, where the 
mixture of IL-12 + IL-12Rb1 was serially diluted). Cells were fixed and stained for pSTAT4 as 
described in the Materials and Methods. Data are mean ± s.e.m; n = 2 per condition (technical 
duplicates); each dilution of cytokine or cytokine-receptor complex was assessed in duplicate. The 
experiment was performed twice, with similar results. 
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(IL-12Rb1 + IL-12Rb2) is much higher than for either subunit alone241, suggesting that our mask’s 

inhibitory activity will be insignificant after cleavage. 

 We investigated the cleavage of several linkers by MMP2 in vitro and found that 

HPVGLLAR239 (substrate in M-L1-IL12) is a more reactive substrate than VPLSLYSG239 

(substrate in M-L3-IL12; Fig. 19) as visualized by SDS-PAGE analysis. Furthermore, cleavage 

efficiency was dependent on the number of substrate repeats, as the construct containing only one 

VPLSLYSG (M-L4-IL12) was processed less efficiently than the construct containing three repeats 

of VPLSLYSG (M-L3-IL12; Fig. 19). SP-sensitive M-L2-IL12, containing three repeats of 

LSGRSDNH, was not cleaved by any of the MMPs tested (Fig. 20). Thus, we designed one 

additional linker, L6, that contains two repeats each of both MMP substrates and one repeat of SP 

substrate. M-L1-IL12 and M-L6-IL12 exhibited similar reactivity against MMP-2 (Fig. 21). 

Figure 19. Protease substrates affect the efficiency of linker cleavage by MMP2. Masked IL-12 
constructs were diluted to a final concentration of 75 µg/mL (or 0.83 µM) and incubated with the 
indicated concentration of activated MMP2 for 30 min at 37°C. Samples were then immediately 
denatured by boiling with non-reducing SDS-PAGE buffer and loaded for electrophoresis. MMP2 
at 74 ng/mL (~1 nM) fully cleaves M-L1-IL12, whereas some intact M-L3-IL12 is present. M-L4-
IL12 contains only one MMP-responsive substrate, and thus, is only partially processed at that 
MMP2 concentration. Some degradation of M-(G3S)11-IL12 is observed, which may be due to 
nonspecific cleavage of IL-12Rb1. The experiment was performed twice with similar results. 
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3.3.2 Masked IL-12 Retains Antitumor Activity in Syngeneic Models and Causes Immunological 

Remodeling of TME 

We then sought to examine the antitumor efficacy elicited by three masked IL-12 variants 

in the B16F10 mouse melanoma model to determine the optimal linker. MMP/SP-reactive M-L6-

IL12 induced a significantly stronger antitumor response compared to SP-only reactive M-L2-IL12 

and a slightly stronger response compared to M-L4-IL12, which contained one MMP-sensitive 

substrate (VPLSLYSG) and two SP-sensitive substrates (Fig. 22a). This result suggests that the 

enzymatic sensitivity of the linker is a crucial design parameter for producing an adequate 

antitumor response242, and thus we decided to perform further in vivo investigation of M-L6-IL12. 

We first compared the antitumor efficacy of M-L6-IL12 to that of unmodified IL-12 in 

subcutaneous MC38 colon adenocarcinoma. In this immunogenic model, both molecules exhibited 

high efficacy, achieving a 100% complete response (CR) rate (Fig. 22b). We then assessed the 

antitumor efficacy of M-L6-IL12 in the CPI-unresponsive, orthotopic EMT6 triple-negative breast 

cancer model, which is characterized by transforming growth factor b signature and T cell 

Figure 20. MMPs do not cleave SP-sensitive M-L2-IL12. M-L2-IL12, which contains three repeats 
of LSGRSDNH, was diluted to 45 µg/mL (or 0.5 µM) and incubated with indicated MMPs for 1 
hr at 37 °C. Samples were then loaded on the gel and analyzed. Experiment was performed twice. 
with similar results. 
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exclusion243. Treatment with M-L6-IL12, but not aPD-1 antibody, led to significant extension of 

survival with 8 CR out of 9 mice when compared to saline-treated mice (Fig. 22c). To investigate 

the efficacy of the combination of M-L6-IL12 and aPD-1, we treated mice bearing established 

orthotopic B16F10 melanomas, a cold model, with either aPD-1, M-L6-IL12 or combination of 

the two (Fig. 22d). Addition of aPD-1 to M-L6-IL12 resulted in significantly extended survival 

when compared to either treatment alone. aPD-1 treatment alone had no major effect on the 

survival of these mice, consistent with previous observations234. 

 To study the mechanism behind the therapeutic action of M-L6-IL12, we characterized 

immunological responses in B16F10 melanoma, a model that displays low basal inflammation. 

We collected the tumors from treated mice for intratumoral cytokine/chemokine profiling and 

lymphocyte infiltration analysis. IFNg, which is the direct downstream molecule and main 

mediator of antitumor activity of IL-12244, was equally upregulated in the TME in both treatment 

groups (Fig. 23a). Tumor necrosis factor-a (TNFa), which supports cancer cell cycle arrest245, 

was also equally expressed between the two groups (Fig. 23b). 

 

Figure 21. M-L1-IL12 and M-L6-IL12 are equally cleaved by MMP2. Indicated amounts of 
activated MMP2 was incubated with 150 µg/mL (1.67 µM) of masked IL-12 constructs for 30 min 
at 37 °C. Molecules were then loaded on the gel and analyzed. Experiment was performed twice 
with similar results. 
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Significant production of granulocyte-macrophage colony-stimulating factor (GM-CSF), a 

maturation factor for antigen presenting cells (APCs)246, was noted as well (Fig. 3c), demonstrating 

that masked IL-12 treatment activates the innate immune compartment. Upregulation of IL-1b and 

IL-1a (Fig. 23d,e) indicates Th1-biased TME remodeling247,248.  

Figure 22. Masked IL-12 induces a strong antitumor response and potentiates CPI therapy. a, 
B16F10 melanoma-bearing mice were treated with PBS (n=6), or 250 pmol of M-L2-IL12 (n=7), 
M-L4-IL12 (n=8), M-L6-IL12 (n=7) i.v. on days 7, 10 and 13 post tumor inoculation. Tumor 
growth curves are shown. b, Subcutaneous MC38 colon adenocarcinoma-bearing mice were 
treated with PBS (n=5), 5 µg (83.3 pmol) IL-12 (n=7) or 250 pmol of M-L6-IL12 (n=7) i.v. on 
days 7, 10 and 13 post tumor inoculation. Tumor growth curves (left) and survival (right) are 
shown. c, Orthotopic EMT6 mammary carcinoma-bearing mice were treated with PBS (n=9), 
⍺PD-1 (n=9, 100 µg, i.p.) or M-L6-IL12 (n=9, 250 pmol, i.v.) on days 10, 13 and 16 post tumor 
inoculation. Tumor growth curves (left) and survival (right) are shown. d, Orthotopic B16F10 
melanoma-bearing mice were treated with PBS (n=9), aPD-1 (n=9, 100 µg, i.p.), M-L6-IL12 
(n=15, 250 pmol, i.v.) or M-L6-IL12 + aPD-1 (n=12) on days 7, 10 and 13 post tumor inoculation. 
Survival curves are shown. Data are mean ± s.e.m. Arrowheads indicate times of treatment. 
Experiments in a,b,c were performed twice with similar results. Data in d were pooled from two 
independent experiments. Statistical analyses were performed using ordinary one-way ANOVA 
with Tukey’s multiple comparison tests. For survival plots, Mantel-Cox test was used. 
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We also observed elevated expression of CXCL9, CXCL10, CCL5, and CCL4, chemokines that 

are associated with increased infiltration of CD8+ T cells249 (Fig. 23f-i). 

Figure 23. Masked IL-12 therapy elicits a wide range of inflammatory responses and causes 
immune cell infiltration in melanoma. Orthotopic B10F10 melanoma-bearing mice were treated 
with PBS (n=8), 5 µg (83.3 pmol) IL-12 (n=8) or 250 pmol of M-L6-IL12 (n=7) i.v. on days 6 and 
9 post tumor inoculation. Tumors were excised on day 11 and were homogenized for intratumoral 
cytokine/chemokine analysis (a-j) and processed for flow cytometric analysis (k-o). Intratumoral 
levels of IFNg (a), TNFa (b), GM-CSF (c), IL-1b (d), IL-1a (e), CXCL-9 (f), CXCL-10 (g), CCL-
5 (h), CCL-4 (i) and CCL-2 (j) were measured and normalized by total protein content. CD8+ T 
cells as fraction of live cells (k), CD4+FoxP3+ Treg cells as fraction of live cells (l), ratio of CD8+ 
T cells to Treg cells (m), CD11b+Gr1+ cells as fraction of CD45+ cells (n), and CD69 MFI on 
CD4+Foxp3- T cells (o). Data are mean ± s.e.m. Experiments were performed twice with similar 
results. Statistical analyses were performed using ordinary one-way ANOVA with Tukey’s 
multiple comparison tests. 
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Other cytokines and chemokines (Fig. 24a-f) were expressed at similar levels in both unmodified 

IL-12- and M-L6-IL12-treated groups.  

Figure 24. M-L6-IL12 and unmodified IL-12 induce similar expression of proinflammatory 
markers and cell infiltration in B16F10 melanoma. Mice were treated as described in Fig. 23. 
Intratumoral levels of CXCL-1 (a), CCL-11 (b), CCL-17 (c), IL-10 (d), IL-12 (e), IL-6 (f) were 
quantified using a LEGENDPlex assay and normalized by total tumor protein content. Frequency 
of CD3+CD4+Foxp3- T cells (g), CD11c+MHCII+ dendritic cells (h), and CD11b+F4/80+ 
macrophages (i) as percentage of live cells are shown. PBS, n = 8; IL-12, n = 8; M-L6-IL12, n = 
7. Data are mean ± s.e.m. Statistical analyses were performed using ordinary one-way ANOVA 
with Tukey’s multiple comparison test. Experiment was performed twice with similar results. 
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These data show that masked IL-12 can potently activate the type II IFN pathway, which leads to 

secretion of wide variety of inflammatory molecules. 

 We then analyzed whether secretion of proinflammatory cytokines and chemokines led to 

infiltration of immune cells. Both treatments resulted in significant CD8+ T infiltration as 

compared to saline-treated mice (Fig. 23k). Furthermore, we observed equal reduction in Treg cells 

by both treatment groups (Fig. 23l). Importantly, the ratio of CD8+ T cell to Treg cells, which is 

considered as one of the main indicators of successful immunotherapy95, was similarly upregulated 

in IL-12- and masked IL-12-treated animals (Fig. 23m). Both molecules reduced the percentages 

of suppressive CD11b+Gr-1+ cells250 within the CD45+ compartment (Fig. 23n). Although no 

major change was observed in the numbers of conventional CD4+ T cells (Fig. 24g), M-L6-IL12 

treatment led to an increase in CD69 expression on these cells (Fig. 23o). Masked IL-12 caused 

dendritic cell (DC) and macrophage infiltration (Fig. 24h,i). These macrophages may be M1-

polarized, as we have seen previously234. Together, these results demonstrate that M-L6-IL12 and 

unmodified IL-12 exert comparable antitumor efficacy, causing profound immunological changes 

in the TME. 

Given that cytokine/chemokine measurements and immune cell infiltration data were 

obtained from the same biological samples, we performed a correlation analysis to determine 

which cytokines/chemokines are associated with high CD8+ T cell-to-Treg ratios (Fig. 25). In the 

B16F10 melanoma model, the strongest positive correlation was observed for IFNg, TNFa, and 

IL-1b, and chemokines CXCL-9/10, CCL-5, and CCL-4 (Fig. 25a-g). A weaker correlation with 

increased CD8+ T cell-to-Treg ratios was seen with IL-10 and IL-1a, whereas no significant 

correlation was noticed with intratumoral IL-6 and CXCL-1 (Fig. 25h-l). This analysis indicates 

that Th1-biased TME strongly correlates with therapeutic efficacy. 



 77 

  

Figure 25. Correlation analysis between various cytokines/chemokines and CD8+-to-Treg ratio. a-
l, Pearson correlation analysis was performed on the data set presented in Fig. 23 and Fig. 24. 
Two-tailed P value and r value were obtained using Pearson correlation analysis on Prism 
GraphPad. 
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3.3.3 Treatment with Protease-sensitive IL-12 Minimizes irAEs 

We next investigated whether the decreased in vitro bioactivity of masked IL-12 translates 

to fewer systemic irAEs. We treated healthy C3H/HeJ mice, a strain that is highly sensitive to low 

amounts of recombinant IL-12160, daily with either 0.5 µg IL-12 or 3-fold molar dose of M-L6-

IL12 and monitored body weight change (Fig. 26a). Unmodified IL-12 induced marked body 

weight loss compared to saline-treated mice, whereas masked IL-12-treated mice maintained their 

body weight over the course of the study. In clinical trials, recombinant IL-12 administration led 

to significant elevation of IFNg, the main contributor to the irAEs160,162, and transaminases such 

as alanine aminotransferase (ALT) and aspartate aminotransferase (AST)123 activities in blood, 

markers of hepatotoxicity. We administered either unmodified IL-12 or masked IL-12 three times, 

every three days to healthy C57BL/6 mice and quantified inflammatory biomarkers in the blood. 

Fusion of the mask to IL-12 substantially reduced plasma IFNg, IL-6, TNFa and CCL-2 

concentrations (Fig. 26b-e). We also observed a significantly decreased amount of circulating IL-

12 in mice receiving the engineered IL-12 (Fig. 27a). No significant upregulation of IL-10, IL-1a, 

IL-1b or IFNb was observed at this time point (Fig. 27b-e). Liver damage measured by ALT and 

AST activities, as well as pancreas damage measured by amylase activity in serum was also 

significantly decreased by fusing the mask to IL-12 (Fig. 26f-h). Albumin, blood urea nitrogen, 

and total protein levels were maintained among the groups (Fig. 27f-h). 

Another common side effect of recombinant IL-12 therapy observed in the clinic is the 

decrease of circulating white blood cells, such as neutrophils and lymphocytes165. Treatment with 

unmodified IL-12, but not M-L6-IL12, induced significant leukopenia, neutropenia and 

lymphopenia compared to healthy controls (Fig. 26i-k). 
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Figure 26. Masked IL-12 eliminates side effects associated with IL-12 therapy in healthy animals. 
a, Healthy C3H/HeJ mice were dosed daily (starting from day 0) with PBS (n=6), 0.5 µg (8.3 
pmol) of IL-12 (n=8) or 25 pmol of M-L6-IL12 (n=8) s.c. 6 times. Body weight change (left) and 
day 5 comparison (right) are shown. b-h, Healthy C57BL/6 mice were treated with PBS (n=5), 5 
µg (83.3 pmol) IL-12 (n=7) or 250 pmol M-L6-IL12 (n=6) i.v. on days 0, 3 and 6. Mice were bled 
on days 2, 3, 8 and 9 for plasma cytokine analysis (b-e) and blood chemistry analysis (f-h). Plasma 
IFNg (b), IL-6 (c), TNFa (d), CCL-2 (e), and serum ALT (f), AST (g) and amylase (h) are shown. 
i-k, Healthy C57BL/6 mice were treated with PBS (n=5), 5 µg (83.3 pmol) IL-12 (n=5) or 250 
pmol M-L6-IL12 (n=5) i.v. and bled 4 days later for quantification of circulating leukocytes (i), 
neutrophils (j) and lymphocytes (k) using hematology analyzer. (Continued on the following 
page.) 
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We next evaluated the effect of administration of neutralizing antibodies on systemic IFNg 

production upon IL-12 injection (Fig. 26l). We found that depletion of NK cells had a major impact 

on IFNg production, whereas depletion of CD4+, CD8+ or LyG6+ cells did not reduce systemic 

IFNg. This result suggests that NK cells are the main producers of IFNg in response to IL-12, 

corroborating recent findings238. 

 We then sought to verify our findings of reduced toxicity in tumor-bearing mice (Fig. 28). 

As in tumor-free mice, masked IL-12 injection significantly decreased plasma IFNg concentration 

compared to IL-12 (Fig. 28a). The concentration of IL-12 protein in the blood, which may include 

some of the injected protein as well as de novo IL-12, was also decreased to the level of saline-

treated mice (Fig. 28b). We did not observe significant upregulation in plasma IL-1a at the 

timepoint tested (Fig. 28c). IL-12 reportedly induces infiltration of myeloid cells into the spleen251 

and decreases systemic hematopoiesis252. Administration of unmodified IL-12 led to decreased 

CD45+ cells, increased percentages of splenic CD11b+Gr-1+ and CD11b+Gr-1- cells compared to 

saline-treated mice, whereas masked IL-12 did not (Fig. 28k-m). Significant reduction in numbers 

of splenic CD8+ and CD4+ T cells was noted upon treatment with IL-12 but not masked IL-12 (Fig. 

28g,h), indicating diminished peripheral activity of masked IL-12. These data demonstrate that our 

masking approach significantly reduces the irAEs induced by IL-12 in both healthy and tumor-

bearing mice, down to the level of saline injections. 

 

Figure 26, continued. Masked IL-12 eliminates side effects associated with IL-12 therapy in 
healthy animals. l, Healthy C57BL/6 mice were administered neutralizing antibodies (400 µg, n=5 
per group) on days 0 and 3. On day 4, mice were treated i.v. with 5 µg (83.3 pmol) IL-12 and bled 
on day 6 for plasma IFNg measurement Data are mean ± s.e.m. Experiments were performed twice 
with similar results. Statistical analyses were performed using ordinary one-way ANOVA with 
Tukey’s multiple comparison tests.  
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Figure 27. Masked IL-12 minimizes systemic inflammatory response. Mice were treated and 
analyzed as described in Fig. 26b-h. Plasma levels of IL-12 (a), IL-10 (b), IL-1a (c), IL-1b (d), 
and IFNb (e) were quantified using a LEGENDPlex assay. Serum levels of albumin (f), blood urea 
nitrogen (g), and total protein (h) were quantified using a blood chemistry analyzer. PBS, n = 5; 
IL-12, n = 7; M-L6-IL12, n = 6. Data are mean ± s.e.m. Statistical analyses were performed using 
ordinary one-way ANOVA with Tukey’s multiple comparison test. Experiments were performed 
twice with similar results. L.O.D = limit of detection. 
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3.3.4 Ex Vivo Cleavage by Human Tumors Activates Masked IL-12 

Expression of various proteases is increased in human solid tumors35, and thus we sought 

to investigate whether masked IL-12 can be activated by a human tumor lysate. To test this, we 

obtained a flash frozen human breast cancer biopsy (stage IIA infiltrating lobular carcinoma), as 

well as a biopsy of the adjacent normal tissue (ANT) from the same patient. We homogenized both 

tissues and incubated the homogenate with M-L6-IL12 and performed the STAT4 phosphorylation 

Figure 28. Treatment of melanoma-bearing mice with masked IL-12 does not generate systemic 
irAEs. Orthotopic B10F10 melanoma-bearing mice were treated with PBS (n=8), 83.3 pmol IL-
12 (n=8) or 250 pmol M-L6-IL12 (n=7) i.v. on days 6 and 9 post tumor inoculation. On day 11, 
mice were bled for plasma cytokine quantification (a-c) and spleens were excised for flow 
cytometric analysis (d-h). Plasma IFNg (a), IL-12 (b) and IL-1a (c) were quantified using 
LEGENDPlex.  CD45+ cells (d), CD11b+Gr1- cells (e), CD11b+Gr1+ cells (f), CD8+ T cells (g) 
and CD4+ T cells as fraction of live cells (h) are shown. Data are mean ± s.e.m. Experiments were 
performed twice with similar results. Statistical analyses were performed using ordinary one-way 
ANOVA with Tukey’s multiple comparison tests. 
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assay (Fig. 29a). Incubation of M-L6-IL12 with the tumor lysate, but not the ANT lysate, resulted 

in full activation of masked IL-12. Incubation of masked IL-12 with ANT resulted in minor 

activation as compared to masked IL-12 incubated with buffer only, which is perhaps due to 

nonspecific cleavage of the linker by intracellular proteases.  

To demonstrate that our approach can be applied to engineer human IL-12 as well, we 

generated human masked IL-12, in which the mask was derived from human IL-12Rb1C24-E234. 

This fusion protein was expressed at high yields and a two-step purification led to a homogenous 

monomer (Fig. 29b). Human masked IL-12 exhibited ~35-fold decreased bioactivity compared to 

human IL-12 (Fig. 29c), confirming the applicability of human IL-12Rb1 as the masking domain. 

 

  

Figure 29. Cleavage of the mask by human tumors and generation of human masked IL-12. a, 
Cleavage of M-L6-IL12 by human breast tumor homogenate. IL-12 or M-L6-IL12 (at 0.84 µM) 
were mixed with either tumor homogenate or adjacent normal tissue (ANT) lysate (2 mg/mL) and 
incubated overnight at 37°C. Samples were then diluted and applied on pre-activated mouse CD8+ 
T cells and MFI of pSTAT4 was measured via flow cytometry (n=2 per condition, technical 
duplicates). b, SDS-PAGE analysis of purified human M-(G3S)11-IL12 under nonreducing 
conditions. c, Recombinant human IL-12 or human M-(G3S)11-IL12 were applied to pre-activated 
human CD8+ T cells and MFI of pSTAT4 was measured via flow cytometry (n=2 per condition, 
technical duplicates). Data are mean ± s.e.m.; EC50, half-maximum effective concentration. 
Experiments were performed at least twice, with similar results. Representative data are shown. 
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3.4 Discussion 

Recent engineering strategies aimed at reducing the incidence of irAEs upon IL-12 therapy 

have relied on targeting IL-12 to tumor matrix234,253,254 and tumor necrosis255, biasing IL-12 mutein 

to preferentially activate CD8+ T cells versus NK cells238, and delivering IL-12 gene directly to 

tumors181,182,256. Despite encouraging preclinical and clinical results, the route of administration, 

exposure of IL-12 to circulating lymphocytes and subsequent toxicity may limit the broad use of 

this cytokine. Masked IL-12 produces minimal systemic side effects yet is capable of driving 

profound inflammation selectively within the tumor. Masked IL-12 can be administered either i.v. 

or subcutaneously (s.c.), both of which are highly preferred routes in the clinic. 

Our data show that NK cells are the main source of systemic IFNg, which leads to undesired 

effects. Avoiding the NK cell binding in circulation would be critical for reducing IL-12 side 

effects. Our results reveal that the masking approach eliminates irAEs even after repeated 

administration of M-L6-IL12. This is encouraging given that in clinical trials, recombinant IL-12 

was administered multiple times. 

In contrast to very little IFNg in the blood, masked IL-12 induced strong intratumoral IFNg 

expression. IFNg induces chemokine expression, and these chemokines likely induced effector 

CD8+ T cell infiltration. The activation of CD8+ T cells and reduction of Treg cells are via secretion 

of IFNg from T cells, as we previously reported234. We tested EMT6 and B16F10 melanoma, which 

are immunologically cold, CPI-unresponsive tumors. Our data clearly demonstrate that masked 

IL-12 remodels the immunosuppressive, cold TME, and bears potential to synergize with CPI 

therapies.  
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We selected the cytokine binding domain of the extracellular IL-12Rb1 as the mask 

because the binding affinity (KD) of IL-12 for the full receptor (IL-12Rb1 and b2) is in the pM 

range while the KD for IL-12Rb1 alone is in the nM range241. Thus, once cleaved, the soluble mask 

will not inhibit IL-12 binding to the IL-12R, due to ~1000-fold difference in affinity between the 

full complex and a single subunit. Additionally, since IL-12Rb1 naturally exists in the body, it is 

unlikely that the fusion protein will be immunogenic, and thus is more advantageous compared to 

other possible non-endogenous masking domains. 

Designing biologics that are sensitive to proteolytic cleavage by tumor-associated enzymes 

is a promising strategy to localize therapeutic effects to the disease site. Various proteases, such 

as MMPs and SPs, are aberrantly overexpressed in the TME35, yet their expression in the periphery 

is tightly regulated. This feature has been exploited to engineer protease-sensitive 

nanoparticles257,258, antibodies240,259, and certain cytokines236,260. Protease-sensitive masked 

checkpoint inhibitor (CPI) antibodies have already demonstrated encouraging early clinical trial 

results261. We have previously investigated antitumor efficacies of tumor matrix-binding 

chemokine262, CPI263, IL-2263, IL-12234, doxorubicin264, and anti-CD40 antibody265. Among these 

important antitumor agents, tumor-targeted IL-12 has shown the strongest antitumor efficacy in 

multiple tumor models, including complete remission of cold tumors. In this study, we show that 

masking approach for IL-12, one of the most toxic cytokines, can be successfully applied, 

transforming it into a potential therapeutic.  

Collectively, our results reveal that systemic administration of masked IL-12 induces a 

potent antitumor effect, resulting in eradication of established colon tumors and immune-excluded 

orthotopic breast tumors; yet fusion of a masking domain abrogates IL-12-induced peripheral 

toxicity, as evidenced by a variety of systemic inflammatory markers. We also report that ex vivo 
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patient tumor lysate fully activates masked IL-12, highlighting the translatability of our approach 

to patients with advanced oncologic diseases. 

3.5 Materials and Methods 

3.5.1 Mice and Cancer Cell Lines 

8 to 12-week-old C57BL/6 female mice were purchased from Charles River Laboratory. 8 

to 12-week-old BALB/c female mice and 8 to 12-week-old C3H/HeJ female mice were purchased 

from Jackson Laboratory. B16F10 melanoma, EMT6 breast and MC38 colon cancer cell lines 

were obtained from ATCC and cultured according to instructions. All animal experiments 

performed in this work were approved by the Institutional Animal Care and Use Committee of the 

University of Chicago. Cell lines were routinely checked for mycoplasma contamination. 

3.5.2 Production and Purification of Recombinant IL-12 and Masked IL-12 

For the production of wild-type IL-12, optimized sequences encoding mouse p35 and p40 

subunits were synthesized and subcloned into the mammalian expression vector pcDNA3.1(+) by 

Genscript. A sequence encoding (His)6 was added to the N-terminus of the p35 subunit to allow 

affinity-based protein purification. For the production of masked IL-12, a sequence encoding the 

mask protein (IL-12Rb1Q20-A261) was fused to the N-terminus of the murine p35 subunit via various 

linkers described in the study (Supplementary Table 1). A (His)6 tag, followed by G3S, was added 

to the N-terminus of the Mask-p35 subunit. Sequences encoding Mask-p35 and p40 were 

subcloned into mammalian expression vector pcDNA3.1(+) by Genscript. Suspension-adapted 

HEK-293F were maintained in serum-free Free Style 293 Expression Medium (Gibco). On the 

day of transfection, cells were inoculated into fresh medium at a concentration of 1 ´ 106 cells/mL. 

500 µg/L p35 (or Mask-p35) plasmid DNA, 500 µg/L p40 plasmid DNA were mixed with 2 mg/L 
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linear 25 kDa polyethyleneimine (Polysciences) and co-transfected in OptiPRO SFM medium (4% 

final volume). After 4-5 days of culture, supernatants were harvested, and purification was 

performed as described previously234. Purified proteins were tested for endotoxin via HEK-Blue 

TLR4 reporter cell line, and endotoxin levels were confirmed to be less than 0.01 EU/mL. Protein 

purity was assessed by SDS-PAGE as described previously. Protein concentration was determined 

through absorbance at 280 nm using NanoDrop (Thermo Scientific). To produce recombinant 

human IL-12, optimized sequences encoding human p35 and p40 were synthesized and subcloned 

into mammalian expression vector pcDNA3.1(+) by Genscript. To produce recombinant human 

masked IL-12, a sequence encoding the human mask (derived from human IL-12Rb1C24-E234) was 

fused to the N-terminus of human p35 via a (G3S)11 linker and was subcloned into the mammalian 

expression vector pcDNA3.1(+) by Genscript. Human p40 plasmid was also synthesized by and 

subcloned into the mammalian expression vector pcDNA3.1(+) by Genscript. Co-transfection and 

purification of human IL-12 (or human masked IL-12) was performed similarly to the mouse 

analog. 

3.5.3 Cleavage of Masked IL-12 by Recombinant Proteases 

Recombinant mouse MMP2, MMP3, MMP8, MMP9 and recombinant human urokinase 

plasminogen activator (uPA) were purchased from R&D Systems. Recombinant MMPs were 

supplied in their inactive form and were activated using 1 mM p-aminophenylmercuric acetate 

(APMA, Sigma) as indicated in the product datasheet of each MMP. Following activation, MMPs 

and cytokines were diluted in an assay buffer containing 150 mM NaCl, 50 mM Tris, 10 mM 

CaCl2, 0.05% Brij-35 at pH = 7.5. Final concentrations of the proteases and cytokines are 

mentioned in figure legends. Samples were then analyzed via gel electrophoresis. Cleavage assays 
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using uPA, which was supplied as an active enzyme, was conducted according to manufacturer’s 

protocol. 

3.5.4 Analysis of STAT4 Phosphorylation via Flow Cytometry 

Mouse CD8+ T cells were purified from spleens of C57BL/6 mice using EasySep mouse 

CD8+ T cell isolation kit (Stem Cell). Purified CD8+ T cells (106 cells/mL) were activated in six-

well plates precoated with 5 µg/mL a-CD3 (clone 17A2, Bioxcell) and supplemented with soluble 

5 µg/mL a-CD28 (clone 37.51, Biolegend) and 50 ng/mL mouse IL-2 (Peprotech) for 3 days. 

Culture medium was IMDM (Gibco) containing 10% heat-inactivated FBS, 1% 

Penicillin/Streptomycin and 50 µM 2-mercaptoethanol (Sigma Aldrich). After 3 days of culture, 

activated CD8+ T cells were rested for 6 hr in fresh culture medium and were transferred into 96-

well plates (50,000 cells/well). Indicated amounts of IL-12 or (cleaved or intact) masked IL-12 

were applied to CD8+ T cells for 15 min at 37°C to induce STAT4 phosphorylation. Cells were 

fixed immediately using BD Phosflow Lyse/Fix buffer for 10 min at 37°C and then permeabilized 

with BD Phosflow Perm Buffer III for 30 min on ice. Cells were stained with AF647-conjugated 

antibody against pSTAT4 (clone 38, BD) recognizing phosphorylation of Tyr693. Staining was 

performed for 1 hr at room temperature (RT) in the dark. When assessing the inhibitory effect of 

extracellular domain of recombinant mouse IL-12Rb1 (R & D), mouse IL-12 was incubated with 

IL-12Rb1 at 1:1 molar ratio and applied to pre-activated mouse CD8+ T cells. For the analysis of 

STAT4 phosphorylation in human cells, human CD8+ T cells were magnetically sorted from frozen 

PBMCs using EasySep human CD8+ T Cell Isolation Kit (Stem Cell). Sorted human CD8+ T cells 

were activated in six-well plates precoated with 5 µg/mL a-CD3 (clone OKT3, BioLegend) and 

supplemented with soluble 5 µg/mL a-CD28 (clone CD28.2, BioLegend) and 50 ng/mL human 

IL-2 (Peprotech) for 3 days. pSTAT4 assay was performed as described above. Cells were acquired 
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on BD LSR and data were analyzed using FlowJo (Treestar). Mean Fluorescence Intensity (MFI) 

of pSTAT4+ population was plotted against cytokine concentration. Dose-response curve was 

fitted using Prism (v8, GraphPad). 

3.5.5 Cleavage of Masked IL-12 by Human Tumors 

Flash-frozen human breast cancer biopsy and the adjacent normal tissue (ANT) from the 

same patient were purchased from Cureline, Inc. (CA, USA). The patient was a 44 year-old female 

(Caucasian) and had stage IIA lobular infiltrating carcinoma. Surgery was performed in August of 

2018 and samples were flash-frozen within 20 minutes of surgery. Tissues were placed in Lysing 

Matrix D tubes (MP Bio) along with the buffer containing 150 mM NaCl, 50 mM Tris, 10 mM 

CaCl2, 0.05% Brij-35 at pH = 7.5. Homogenization was performed using FastPrep tissue 

homogenizer (MP Bio). Supernatant was harvested by centrifugation at 10,000 ´ g for 20 min. 

Total protein concentration in the supernatant was determined via Pierce BCA Protein Assay kit 

(Thermo Fisher). Supernatants were stored in -80 °C. For the cleavage experiment, tissue lysate 

was incubated with masked IL-12 overnight at 37 °C and the mixture was further diluted in cell 

media for pSTAT4 assay. 

3.5.6 Antitumor Efficacy of IL-12 and Masked IL-12 

For the primary tumor model of B16F10 melanoma, 5 ´ 105 B16F10 cells were inoculated 

intradermally on the back of female C57BL/6 mice in 30 µL sterile PBS. For the EMT6 mammary 

carcinoma model, 5 ´ 105 EMT6 cells were injected into the left mammary fat pad of female 

BALB/c mice in 30 µL sterile PBS. For the primary tumor model of MC38 colon adenocarcinoma, 

5 ´ 105 MC38 cells were inoculated subcutaneously on the back of the female C57BL/6 mice in 

30 µL sterile PBS. Dose and schedule of the cytokines and antibodies are described in the figure 
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legends. Cytokines were injected in 100 µL volume through tail-vein (intravenously, i.v.). For the 

experiments involving aPD-1 antibody (29 F.1A12, Bioxcell), antibody was administered 

intraperitoneally at 100 µg in PBS. The volume of the tumor was calculated using the following 

formula: (height) ´ (width) ´ (thickness) ´ (p/6). Mice were sacrificed when the tumor volume 

reached 1000 mm3 and/or based on humane end-point criteria. 

3.5.7 Body Weight Loss in C3H/HeJ Mice 

8 to 12-week-old C3H/HeJ female mice were weighed on D0. After the initial weights, 

mice were injected with either PBS, IL-12 or M-L6-IL12 subcutaneously in 100 µL. Injections and 

body weight measurements were performed daily until day 5. Percent body weight change was 

calculated according to the following formula: [(Current body weight) – (Initial body 

weight)]/(Initial body weight) ´ 100%. 

3.5.8 Systemic Markers of Toxicity 

For assessment of plasma cytokines, mice were treated with either IL-12 or masked IL-12 

as indicated on the figure legends. On specified days, blood was collected in EDTA-coated tubes 

(Eppendorf). Blood was spun at 3000 ´ g for 15 min to obtain plasma. For proinflammatory 

cytokine analysis, LEGENDplex Mouse Inflammation Panel (13-plex) was used (BioLegend). 

Plasma was diluted in half using assay buffer provided in the kit. The assay was performed 

according to manufacturer’s instructions. For blood chemistry analysis, mice were bled on 

indicated days and sera were obtained by spinning blood at 3000 ´ g for 15 min in in protein low-

binding tubes (Eppendorf). Sera were diluted 4x in sterile water and serum ALT, AST amylase, 

total protein, total bilirubin, and albumin were determined using Vet Axcel blood chemistry 

analyzer (Alfa Wasserman). For the analysis of leukopenia, healthy C57BL/6 were injected i.v. 
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with either IL-12 or masked IL-12 as indicated. 4 days later, blood was collected in EDTA-coated 

tubes and analyzed using AcT 5diff CP (Beckman Coulter) hematology analyzer. 

3.5.9 Analysis of Intratumoral Inflammatory Markers 

Mice bearing B16F10 tumors were treated with either IL-12 or M-L6-IL12 twice on days 

6 and 9 post tumor inoculation. Mice were euthanized on day 11. Tumors were excised and cut 

approximately in half. One half was processed for flow cytometry (described below) and the other 

half was snap-frozen in liquid nitrogen and stored at −80 °C. Tumors were then homogenized in 

Tissue Protein Extraction buffer (T-PER, Thermo Fisher Scientific). Protease inhibitor tablets 

(Roche) were added to the T-PER buffer. Tumors were placed in Lysing Matrix D tubes (MP Bio). 

Homogenization was performed using FastPrep tissue homogenizer (MP Bio). Supernatant was 

harvested by centrifugation at 10,000 ´ g for 20 min. Intratumoral cytokines and chemokines were 

quantified using LEGENDplex Mouse Inflammation Panel (13-plex) and LEGENDplex Mouse 

Proinflammatory Chemokine Panel (13-plex) (both from BioLegend), respectively, and 

normalized by total protein content. Tumor samples were diluted in half using assay buffer 

provided in the kits. 

3.5.10 Immune Cell Infiltrates in B16F10 Melanoma 

B16F10 cells (5 × 105) were inoculated intradermally on the back of the female C57BL/6 

mice in 30 μL sterile PBS. Then, 6 and 9 days after tumor implantation, mice were treated with 

either PBS, IL-12 or M-L6-IL12. On day 11, tumors were collected and digested for 30 min at 

37°C. Digestion medium was DMEM (Gibco) supplemented with 5% FBS, 2.0 mg mL−1 

collagenase D (Sigma-Aldrich), 20 μg mL−1 DNase I (Worthington Biochemical), 1.2 mM CaCl2 

and 10 μg mL−1 BFA. Single-cell suspensions were prepared using a cell strainer (70 μm; Thermo 
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Fisher Scientific). Tumor (20 mg) was plated in each well. For antibodies against surface targets, 

staining was performed in PBS with 2% FBS. For intracellular targets, staining was performed 

according to the manufacturer’s protocols (00-5523-00, Thermo Fisher Scientific). The following 

anti-mouse antibodies were used: CD45 Pacific Blue (clone 30-F11, BioLegend), CD3e BUV395 

(clone 145-2C11, BD Biosciences), Foxp3 PE (clone MF23, BioLegend), CD8a BV510 (clone 

53-6.7, BioLegend), CD4 BV785 (clone RM4-5, BioLegend), CD11b BUV737 (clone M1/70, BD 

Biosciences), CD69 AF647 (clone H1.2F3, BioLegend), CD103 BV605 (clone 2E7, BioLegend), 

F4/80 FITC (clone CI:A3-1, AbD Serotec), CD11c PE-Cy7 (clone N418, BioLegend), MHCII 

PerCP-Cy5.5 (clone, M5/114.15.2, BioLegend) and Gr-1 APC-Cy7 (clone RB6-8C5). Cell 

viability was determined using the fixable viability dye eFluor 455UV dye (65-0868-14, 

eBioscience). 

3.5.11 Immune Cell Infiltrates in the Spleen 

B16F10 cells (5 × 105) were inoculated intradermally on the back of the female C57BL/6 

mice in 30 μL sterile PBS. Then, 6 and 9 days after tumor implantation, mice were treated with 

either PBS, IL-12 or M-L6-IL12. On day 11, spleens were collected, and single-cell suspensions 

were prepared by mechanically disrupting the spleen through a cell strainer (70 μm; Thermo Fisher 

Scientific). 2 ´ 106 cells were plated in each well. For antibodies against surface targets, staining 

was performed in PBS with 2% FBS. For intracellular targets, staining was performed according 

to the manufacturer’s protocols (00-5523-00, Thermo Fisher Scientific). The following anti-mouse 

antibodies were used: CD45 Pacific Blue (clone 30-F11, BioLegend), CD3e BUV395 (clone 145-

2C11, BD Biosciences), Foxp3 PE (clone MF23, BioLegend), CD8a BV510 (clone 53-6.7, 

BioLegend), CD4 BV785 (clone RM4-5, BioLegend), CD11b BUV737 (clone M1/70, BD 

Biosciences), CD69 AF647 (clone H1.2F3, BioLegend), CD103 BV605 (clone 2E7, BioLegend), 
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F4/80 FITC (clone CI:A3-1, AbD Serotec), CD11c PE-Cy7 (clone N418, BioLegend), MHCII 

PerCP-Cy5.5 (clone, M5/114.15.2, BioLegend) and Gr-1 APC-Cy7 (clone RB6-8C5, BioLegend). 

Cell viability was determined using the fixable viability dye eFluor 455UV dye (65-0868-14, 

eBioscience). 

3.5.12 Depletion Studies 

Depletion of cellular subsets were performed by injecting antibodies against CD4 (GK1.5, 

Bioxcell, 400 µg), CD8a (2.43, Bioxcell, 400 µg), NK1.1 (PK136, Bioxcell, 400 µg), Ly6G (1A8, 

Bioxcell, 400 µg) or rat IgG isotype control (LTF-2, Bioxcell, 400 µg) on days 0 and 3. On day 4, 

mice were administered 5 µg IL-12 i.v. and bled on day 6 for quantification of IFNg via 

LegendPLEX assay.  

3.5.13 Statistical Analysis 

Statistical analysis between groups was performed using Prism (v.8, GraphPad). For 

multiple comparisons, one-way analysis of variance followed by Tukey post hoc test was used. 

For survival plots, log-rank (Mantel–Cox) tests was used. 
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CHAPTER 4:  

DISCUSSION AND FUTURE DIRECTIONS 

The main objective of this thesis was to improve the therapeutic index of IL-12, one of the 

most promising cytokines for cancer immunotherapy. Insufficient therapeutic index is a challenge 

that is common to all proinflammatory cytokines. The immune cells in our body have evolved to 

secrete cytokines in a localized manner and respond to them at relatively low concentrations (~pg). 

However, in a therapeutic setting, patients are administered much higher doses of cytokines (~µg), 

which leads to severe immunotoxicity. We believe that only a significant enhancement of the 

therapeutic index (5-10-fold) could lead to the successful translation of cytokines in 

immunotherapy. We pursued this goal via molecular engineering of recombinant IL-12. However, 

it is important to mention that other approaches such as virus-mediated and gene-mediated (DNA 

or mRNA) delivery strategies are being developed as well for several inflammatory cytokines. In 

this Chapter, we provide brief conclusions of the two engineering approaches, namely collagen-

binding IL-12 and protease-sensitive masked IL-12 and describe their limitations and discuss 

future directions. 

4.1 Discussion and Future Directions in Collagen Targeting  

 In Chapter 2, we demonstrate the development of collagen-targeting IL-12, which upon 

i.v. administration, actively targets the disordered tumor stroma through collagen affinity and 

enhances local inflammation. CBD-IL-12 induced a significantly greater intratumoral response 

than the unmodified IL-12 and reduced the inflammation in the periphery. One potential limitation 

of this strategy is that it relies on the aberrant expression of collagen in solid tumors and their 

exposure to the bloodstream, which has not been scrutinized in human disease. The extent of 
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‘leakiness’ of human solid tumors may heavily depend on factors such as tumor stage, location in 

the body and whether the malignancy is a primary site or metastatic site. Although, in our mouse 

studies, we used metastatic and spontaneously arising tumor models, differences between species 

may be significant. 

 The route of administration in the clinical setting is another source of concern. In our 

studies, we examined the i.v. and peritumoral (p.t.) routes, of which, the i.v. route was superior. 

We believe that, upon p.t. administration, much of the injected cytokine drains to the lymph node, 

decreasing the effective concentration within the tumor. We did not, however, investigate the 

intratumoral (i.t.) route, which may potentially be more advantageous than the i.v. route. One 

challenge with the i.v. route is that the concentration of IL-12 spikes in the blood at the time of 

injection, whereas s.c. or i.t. routes lead to a more transient increase in concentration. In case of 

CBD-IL-12, s.c. administration is not viable, as the drug would not be delivered to the tumor site 

but rather stick to the collagen in the skin, whereas i.t. administration seems appealing. 

Traditionally, intralesional therapy has not been regarded as a feasible route due to difficulties in 

accessing visceral tumors, patient compliance, and potential risk of causing cancer cells to enter 

the bloodstream because of needle puncture. For that reason, cytotoxic small molecule drugs have 

been administered either orally or i.v. For agonistic immunotherapeutics, though, intralesional 

administration may indeed be more attractive266. In fact, the first ever intratumoral therapy 

approved by the FDA was talimogene laherparepvec (T-VEC) in 2015, an oncolytic virus encoding 

GM-CSF. Advancements in interventional radiology for local immunotherapy may provide certain 

solutions to the above-mentioned problems267. 

As for the i.v. administration, we believe that the decrease in toxicity is due to shorter 

residence time of CBD-IL-12 in the blood when compared to IL-12 (supported by our observation 
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that CBD-IL-12 is less toxic in tumor-free mice as well). Given that circulating NK cells express 

the IL-12R complex, systemic IFNg storm is a direct result of IL-12 binding to NK cells (as we 

demonstrate in Chapter 3). Decreased half-life, however, leads to the question of the 

biodistribution of CBD-IL-12 after i.v. administration and whether it has a significant impact on 

IL-12 toxicity. Shorter half-life suggests that CBD-IL-12 is being accumulated in other organs, 

perhaps with relatively high level of microvascular permeability, such as kidneys or liver. Whether 

such accumulation of CBD-IL-12 causes liver- or kidney-specific toxicity depends solely on the 

presence of IL-12R-expressing immune cells in those tissues. One way to get insights into more 

detailed biodistribution, without relying on sophisticated techniques such as radiolabeling, is to 

simply compare the levels of phosphorylated STAT4 in the tissues of concern after injection of 

IL-12 or CBD-IL-12 (perhaps via western blotting). Since STAT4 is immediately phosphorylated 

following IL-12 binding to IL-12R, this transcription factor is an ideal target to study the 

biodistribution from a pharmacodynamic perspective. Plainly studying the presence of CBD-IL-

12 in various tissues (as would be performed in traditional biodistribution experiments) might be 

misleading, as the expression of IL-12R is restricted to certain cells in our body: if a particular 

tissue has negligible IL-12R expression, presence of CBD-IL-12 in that tissue will, presumably, 

not generate local inflammation. This feature makes IL-12 different from other cytokines such as 

IL-2, IL-15 or IFNs, the receptors for which are widely expressed throughout the body.  

Another concern that needs to be raised with regards to the i.v. administration involves 

patients with chronic inflammation. Chronic inflammation in the tissue causes activation and 

increased infiltration of immune cells, which may worsen the symptoms of patients undergoing 

any cancer immunotherapy. With CBD-IL-12, such adverse effects may be amplified as the 
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inflamed tissues are likely to be infiltrated by IL-12R-expressing immune cells and tend to exhibit 

a leakier ECM around the blood vessels. This, however, is beyond the focus of this thesis. 

4.2 Discussion and Future Directions in Protease-sensitive IL-12 

 In Chapter 3, we report the development of a protease-sensitive masked IL-12, which is 

conditionally activated in the presence of tumor-associated proteases. This approach dramatically 

decreased the systemic side effects associated with IL-12 therapy, while retaining potent antitumor 

activity. This technology is different from the one presented in Chapter 2, yet it also comes with 

its own complexity and nuances. Perhaps the major limitation of protease-sensitive masked IL-12 

is the variable expression of tumor-associated enzymes among cancers. First, the expression of 

proteases is dependent on the tumor stage and location, as later stage tumors and metastatic sites 

express higher levels of proteases than early malignancies in the primary site42. Furthermore, the 

secretion of particular proteases varies significantly across tumor types268, making it difficult to 

construct a single linker with broad reactivity against distinct tumors. We tried to address this issue 

by combining substrates that are reactive to MMPs and SPs, and we indeed demonstrate that linker 

sequence has significant impact on the antitumor control. Yet, to perform such optimization for a 

clinical application, one would need to screen a broad range of tumor tissues or manufacture tumor 

type-specific immunotherapeutics (a personalized approach). On the contrary, constructing a 

linker with an exceedingly broad reactivity against enzymes might induce irAEs due to excessive 

cleavage in circulation. Thus, the balance between linker reactivity and selectivity must be 

carefully optimized. 

 Another crucial design parameter of this technology is the affinity of the masking domain 

to IL-12. A mask with a very high affinity (KD = ~pM) would still inhibit IL-12 interaction with 

the native receptor after cleavage. We addressed this problem by showing that the binding of IL-
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12 to the endogenous receptor is not inhibited by the soluble mask. We have not, though, 

investigated how the affinity of the masking domain affects the antitumor efficacy and toxicity. 

This could be studied by introducing mutations to our masking domain (IL-12Rb1) that either 

increase or decrease the affinity to IL-12. Such information would be valuable for the optimization 

of other protease-activatable biologics. 

 During our studies, production and purification process of masked IL-12 also posed some 

challenges. This is due to the partial cleavage of the mask in HEK293 culture. In fact, one of the 

linkers that we had previously tested, (PLGVRGK) was almost completely cleaved in the culture 

process and thus we were not able to purify the masked molecule (the product we obtained was 

simply IL-12 itself, without a masking domain). Other recombinant protein expression systems, 

such as insect cells or other mammalian cells, that may contain fewer proteases in the culture 

would result in higher yield of the target molecule. 

4.3 Understanding the Clinical Indications for IL-12 

 The two technologies presented in this thesis rely on different tumor-specific phenomena, 

namely the hyperpermeability of blood vasculature and overexpression of proteases. Yet it is also 

important to discuss the potential challenges in using IL-12 as the active agent. One challenge is 

the tachyphylaxis that was observed in the clinic associated with repeated administration of IL-12. 

Continued loss of responsiveness to IL-12 is a result of specific pSTAT4 degradation161, which 

translates to diminished IFNg production by T and NK cells over time. One corollary to this 

phenomenon is that perhaps IL-12 should not be administered at the same dosing regimen as other 

cytokines (which do not display tachyphylaxis). Due to progressive loss of responsiveness, chronic 
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administration of IL-12 does not seem very meaningful. Furthermore, chronic inflammation may, 

in fact, stimulate tumor growth, a phenomenon which has been described for certain cytokines269. 

 Exploring the right combination strategies for IL-12 therapy is another direction that could 

further advance this research. In mice, combination with aPD-1/PD-L1 and aCTLA-4 have been 

extensively studied. Given the substantial species difference between human and mouse IL-12, it 

is possible that other, potentially less investigated, immunoregulatory mechanisms exist in 

humans. Thus, identifying such targets and designing the right combination therapies would 

increase the effectivness of IL-12 therapy. Investigating the direct interaction between IL-12 and 

APCs would also add significant benefit. 

 For successful translation of IL-12-based immunotherapies, we should also deepen our 

understanding of which tumor types are most likely to respond to IL-12 therapy. In mouse models, 

we have seen strong potency of IL-12 in B16F10 melanoma and EMT6 triple negative mammary 

carcinoma, both of which are poorly infiltrated tumors. Yet we did not observe significant 

antitumor effect in 4T1 triple-negative breast cancer model (data not shown). Understanding the 

immunological differences among these tumor models and translating this knowledge into human 

disease may inform us about the most suitable cancer types for IL-12 therapy.  

4.4 Conclusion 

 In conclusion, this work describes two fundamentally different approaches to engineer 

recombinant IL-12 to enhance its therapeutic index. With a correctly defined dosing regimen, 

tumor type and the right combination strategy, these technologies may have a clinically meaningful 

impact.  
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