
Archive ouverte UNIGE
https://archive-ouverte.unige.ch

Thèse 2025                                     Open Access

This version of the publication is provided by the author(s) and made available in accordance with the 

copyright holder(s).

Selective activation of interleukin-2/interleukin-15 signaling in tumor 

microenvironment using paired bispecific antibodies

Montorfani, Julien

How to cite

MONTORFANI, Julien. Selective activation of interleukin-2/interleukin-15 signaling in tumor 

microenvironment using paired bispecific antibodies. Doctoral Thesis, 2025. doi: 10.13097/archive-

ouverte/unige:185299

This publication URL: https://archive-ouverte.unige.ch/unige:185299

Publication DOI: 10.13097/archive-ouverte/unige:185299

© This document is protected by copyright. Please refer to copyright holder(s) for terms of use.

https://archive-ouverte.unige.ch
https://archive-ouverte.unige.ch/unige:185299
https://doi.org/10.13097/archive-ouverte/unige:185299


1 

 

 

  

UNIVERSITÉ DE GENÈVE  FACULTÉ DE MÉDECINE 

 
Département de Pathologie et Immunologie Professeur C. Jandus 

  
Light Chain Bioscience – NovImmune SA Dr. L. Shang 
 

 

Activation sélective de la signalisation interleukine-2/interleukine-15 
dans le microenvironnement tumoral par des paires d’anticorps 

bispécifiques 
 

THÈSE 
 

présentée aux Facultés de médecine et des sciences de l’Université de Genève 
pour obtenir le grade de Docteur ès sciences en sciences de la vie,  

mention Sciences biomédicales 
 
 
 

par 

Julien Montorfani 
 

de 

Lugano (Ticino) 

Thèse No 334 
 
 
 

GENÈVE 

Nom de l'Atelier d'Impression 

2025 



2 

 

 

 

UNIVERSITÉ DE GENÈVE FACULTÉ DE MÉDECINE 

 

Département de Pathologie et Immunologie Professeur C. Jandus 

  
Light Chain Bioscience – NovImmune SA Dr. L. Shang 
 

 

SELECTIVE ACTIVATION OF INTERLEUKIN-2/INTERLEUKIN-15 
SIGNALING IN TUMOR MICROENVIRONMENT USING PAIRED 

BISPECIFIC ANTIBODIES 

THESIS 
 

présentée aux Facultés de médecine et des sciences de l’Université de Genève 
pour obtenir le grade de Docteur ès sciences en sciences de la vie,  

mention Sciences biomédicales 
 
 
 

par 

Julien Montorfani 
 

de 

Lugano (Ticino) 

Thèse No 334 
 
 
 

GENÈVE 

Nom de l'Atelier d'Impression 

2025 



3 

 

  



4 

 

 



5 

 

 

Acknowledgments 
 

I want to express my appreciation to my thesis director, Prof. Camilla Jandus, and my thesis 

co-director, Dr. Limin Shang. I want to thank Camilla for welcoming me to her laboratory 

and making me feel welcome and an integral part of the team. Her knowledge, advice, 

kindness, and enthusiasm have not only helped the project but also imparted her passion 

and helped me immensely. I want to thank Limin for welcoming me under his wing at Light 

Chain Bioscience. His helpfulness, advice, and extensive knowledge of immunology and 

immunotherapies have guided my path from day one and helped me adapt. His support and 

bright ideas have brought the project to life. I feel extremely fortunate to have found two 

great scientists and role models who inspire me to cultivate my passion for science. 

 

I wish to thank the members of the jury, Prof. Simone Becattini and Prof. Pedro Romero. 

They participated in my TAC Meeting in 2022 and have devoted their time again to reviewing 

this manuscript and discussing my work. 

 

I am very thankful to the leadership team at Light Chain Bioscience. I want to thank Nicolas 

for giving me the chance to bring his idea to light with this project. I want to thank Walter for 

his scientific advice. You have both my deepest gratitude for all the time you dedicated to 

the project and for your kindness. The enjoyable and productive work environment at Light 

Chain Bioscience reflects your leadership. I want to extend my gratitude to Krzystzof for his 

precious scientific advice and the time he devoted to the project. Gracias Jose, for your 

kindness and for sharing your passion for clinical development during very enriching 

discussions. Thank you, Valérie, for your precious help regarding everything that doesn’t 

involve pipets and lab coats. I also wish to thank Oliver Eckelmann and the board of 

directors for the chance of doing my thesis at Light Chain Bioscience. 

 

I want to thank Éric for his mentorship and scientific passion, which have helped me 

tremendously throughout this journey. I deeply value all our discussions and want to thank 

him on a personal level as well. His kindness and friendship have been very enriching, and 

working alongside him has been one of the highlights of my thesis. 

 



6 

 

I want to extend my appreciation to Vanessa, Xavier and Sara for the helpful discussions 

and advice. Your knowledge, kindness, and critical eye have genuinely helped me during 

these 4 years. 

 

I am grateful to my colleagues at Light Chain Bioscience. I want to thank all the 

pharmacology members. You have welcomed and made me feel at home during these 4 

years. Your advice and knowledge have been crucial; this project would not have been 

possible without it. I want to thank Laurence for her vital contribution to the project. Her 

expertise has been paramount to what has been achieved. I want to thank Laura for her 

critical help. I want to thank Bruno and Adeline for their . Your help, expertise, and your time 

have made this project possible. Thank you also to Valery for your kindness and precious 

advice. 

I thank the protein engineering team for their vital contribution to the project and guidance. 

In particular, I want to express my appreciation to Pauline for her invaluable help and 

kindness. I also want to express my gratitude to the bioprocessing team. Thank you to 

Christophe, Guillemette, and Tereza for their advice, help, and kindness. I am also thankful 

to the phage display team. I wish to thank Ulla and Sébastien for their advice and precious 

contribution to the project. On a more personal note, I want to thank Diogo for all the 

enriching discussions and your friendship. Thank you Santiago for your kindness and 

friendship. I want to extend my gratitude to Alizée, Pauline, Mathieu, Mei and Lola. While 

some of you have also worked on the project, I wanted to thank you together for your 

kindness and our friendship. You have made these years even more enjoyable. While I 

could not mention everyone, I want to thank you all not only for the scientific exchange that 

helped me grow and made this project possible but also for your kindness and for having 

welcomed me so warmly. The productive and enjoyable work environment that you have 

created is truly special. 

 

I also want to take the time to thank my current and former PhD student colleagues at Light 

Chain Bioscience. Thank you, Lise. You were present from the beginning of my journey, 

and I value your advice and our discussions deeply. Thank you for all your help with the 

project and for your friendship. I want to express my gratitude to my old desk neighbor; Elise 

S. I still hold close to my heart all our discussions. I want to thank Elise P. for her kindness 

and advice. I am grateful to Lucie for the enriching discussions and her kindness. I am also 

extremely grateful to Elise L. for your kindness; our discussions have helped me 



7 

 

tremendously. You have made this journey much more enjoyable, and I deeply value your 

friendship. 

 

I am grateful to my current and past colleagues in the Jandus’ laboratory. Thank you, Sara, 

Alejandra, Mara, Benedetta, Danae, Anthony, Hajar, Georgia, Daniela, Ziyang, Maryline, 

Margaux and Tania. Thank you for all the enriching discussions, the advice, and the fun 

times spent together. 

 

I also want to thank the members of my previous laboratory, particularly my previous 

mentors, Stéphanie and Laure. I have extremely positive memories of my time in the 

laboratory, and what you have taught me has been invaluable during these last 4 years. 

 

I want to thank the PhD school for its help and availability during my thesis and for reviewing 

this manuscript. 

I want to express my appreciation to Cécile, Lan, and Gregory of the FACS facility of the 

University of Geneva for their help and advice. 

 

I want to thank Luca. I am incredibly grateful for everything we have shared during this 

journey, and I am sure we will share much more in the future. 

 

Thank you to Pablo, Anthony, and Maxime. I really appreciate our time together and deeply 

value your friendship. I also want to thank my sicilian friends Fra, Gabriele, Alberto, Crisitan, 

Zauddo, Zaudda, Vinz, Alessia, Ciccio, Alessia. Even though I have been away for a while, 

I want to thank Elia, Giulio, Andrea, Paolo, and Marco. Your friendship is still dear to my 

heart, and I know that we can count on each other. 

 

Tengo molto a ringraziare la mia famiglia. Grazie ai miei genitori, Sergio e Yvette, per avermi 

supportato in tutte le scelte che mi hanno portato fino a qui. Vi voglio un mondo di bene e 

senza il vostro aiuto non sarei qui. Grazie mille a Elisa e a Yannick. Il tempo che passiamo 

insieme é preziosissimo e so di poter contare su di voi per qualsiasi cosa. E nautralmente 

ringrazio anche JD e Manuela. Voglio ringraziare anche il resto della mia amata famiglia 

per il supporto. Je tiens aussi à remercier le reste de ma famille bien-aimée pour leur 

soutien. Merci aussi à Guy, Nathalie et Carla. Vous m’avez fait me sentir comme chez moi 

depuis le début. 



8 

 

 

Lastly, I want to thank the person I intentionally left out in previous sections. Thank you 

Coline for all you have done throughout these years. You have been my rock and you have 

made this journey nicer than I could have imagined.  

 

 

  



9 

 

Table of contents 

1 Summary ................................................................................................................... 11 

2 Résumé ..................................................................................................................... 12 

3 List of publications ..................................................................................................... 14 

4 List of Abbreviations ................................................................................................... 15 

5 Introduction ................................................................................................................ 18 

5.1 Cancer................................................................................................................ 18 

5.2 Immune system .................................................................................................. 19 

5.2.1 The major histocompatibility complex (MHC) I/II ......................................... 20 

5.2.2 Cytokines .................................................................................................... 21 

5.2.2.1 IL-2/IL-15 cytokine and receptor expression ........................................ 22 

5.2.2.2 IL-2/IL-15 signaling .............................................................................. 24 

5.2.3 Immune cells ............................................................................................... 27 

5.2.3.1 NK cells ................................................................................................ 27 

5.2.3.2 Dendritic cells....................................................................................... 29 

5.2.3.3 T cells .................................................................................................. 32 

5.2.3.3.1 T cell receptor (TCR) ........................................................................ 32 

5.2.3.3.2 T cell activation ................................................................................. 33 

5.2.3.3.3 CD4 T cells ....................................................................................... 34 

5.2.3.3.4 CD8 T cells ....................................................................................... 38 

5.2.3.3.5 Memory T cells ................................................................................. 39 

5.2.3.3.6 Dysfunctional T cells ......................................................................... 40 

5.2.3.4 B cells .................................................................................................. 42 

5.2.3.4.1 Antibodies ......................................................................................... 43 

5.2.4 Immunosurveillance .................................................................................... 44 

5.2.5 Tumor immunology ..................................................................................... 45 

5.2.6 Cancer immunotherapies ............................................................................ 46 

5.2.7 Therapeutic Antibodies ............................................................................... 48 

5.2.7.1 Mechanism of action of therapeutic monoclonal antibodies ................. 50 

5.2.7.2 Evolution of monoclonal antibodies...................................................... 51 

5.2.8 IL-2 targeted therapies and limitations ........................................................ 53 

5.2.9 IL-15 targeted therapies and limitations ...................................................... 56 

6 Aims ........................................................................................................................... 58 

7 Results ....................................................................................................................... 59 

8 Discussion ............................................................................................................... 118 

9 Conclusion ............................................................................................................... 126 



10 

 

10 References .......................................................................................................... 127 

11 Appendices .......................................................................................................... 170 

11.1 Appendix 1: ...................................................................................................... 170 

11.2 Appendix 2: ...................................................................................................... 172 

11.3 Appendix 3: ...................................................................................................... 191 

  



11 

 

1 Summary 

The progress in immunotherapies has transformed the landscape of cancer therapies and 

greatly improved patient prognosis across many types of cancers. Although being one of 

the first immunotherapies approved in cancer treatment, the clinical application of high-dose 

recombinant interleukin-2 (IL-2) therapy has been impeded by associated severe systemic 

toxicities. This study introduced a novel strategy to harness the anti-tumor potential of IL-

2/15 signaling while avoiding the liabilities, by using a pair of bispecific antibodies, where 

the first antibody binds to the IL-2/15 receptor subunit β (CD122) and a tumor-associated 

antigen, and the second antibody binds to the IL-2/15 receptor subunit γ (CD132) and the 

same or a different tumor-associated antigen. The bispecific antibody pair only activates IL-

2/15 signaling in the presence of the tumor associated antigen(s) and thus restricts signaling 

to the tumor microenvironment. 

This work combined in vitro and in vivo techniques to demonstrate the tumor-selective 

activity of this strategy. We showed, with reporter cells and primary cells, that activation of 

IL-2 signaling through the bispecific antibody pairs relied on the presence of tumor-

associated antigens. In contrast to recombinant IL-2, the bispecific antibody pairs did not 

preferentially activate regulatory T cells expressing the high-affinity IL-2 receptor alpha 

chain (CD25). In vitro data showed that the bispecific antibody pairs alone did not kill tumor 

cells but could amplify the tumoricidal activity of T and natural killer (NK) cells induced by T 

cell engagers or monoclonal antibodies. In a transgenic hCD122/hCD132 mouse model, the 

bispecific antibody pairs induced the expansion of tumor infiltrating memory CD8+ T cells 

and NK cells, while being well-tolerated and not inducing any systemic release of 

inflammatory cytokines. Further, in vivo, combination of the bispecific antibody pair with an 

immune checkpoint inhibitor suppressed tumor growth more strikingly than the immune 

checkpoint inhibitor alone. Analysis of the tumor microenvironment demonstrated that the 

combination treatment induced the expansion of memory CD8+ T cells, NK cells and 

increased their expression of cytotoxic molecules like granzyme B. Additionally, this study 

demonstrated the possibility of using a bispecific antibody pair targeting two distinct tumor-

associated antigens to further reduce the possibility of off-tumor immune cell activation. 

Overall, this study describes a novel immunotherapeutic approach demonstrating tumor-

specific IL-2/15 activation and favorable safety profile, thus having the potential to overcome 

the limitations of high-dose recombinant IL-2 therapy. This approach could be expanded to 

therapeutically harness the untapped potential of many other signaling pathways in cancer 

and beyond. 
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2 Résumé 

Les progrès réalisés dans les immunothérapies ont étendu les possibilités de traitement de 

nombreux cancers et ont considérablement amélioré l’espérance de vie des patients. Bien 

que l’interleukine-2 (IL-2) recombinante à haute dose ait été l'une des premières 

immunothérapies approuvées pour le traitement du cancer, son application clinique a été 

limitée par la toxicité qu’elle induit.  

Cette étude présente une stratégie innovante permettant d’exploiter le potentiel anti-tumoral 

des voies de signalisation des interleukines-2 et 15 tout en évitant ses effets indésirables, 

cela en utilisant une paire d'anticorps bispécifiques. Le premier anticorps se lie à la sous-

unité β (CD122) du récepteur de l'interleukine-2/15 et à un antigène tumoral, alors que le 

second anticorps se lie à la sous-unité γ (CD132) du récepteur de l'interleukine-2/15 et au 

même antigène tumoral ou à un antigène tumoral différent. Cette paire d'anticorps 

bispécifiques active la signalisation interleukine-2/15 uniquement en présence des 

antigènes tumoraux, restreignant ainsi cette activité à l'environnement tumoral. 

Ce travail a combiné des expériences in vitro et in vivo pour étudier l'activité sélective et 

intra-tumorale de cette approche. Nous avons pu démontrer, à l'aide d’un système de gène 

reporter ainsi que de cellules primaires, que l'activation de la signalisation de l'IL-2 par les 

paires d'anticorps bispécifiques dépendait strictement de la présence d'antigènes 

tumoraux. Contrairement à l'IL-2 recombinante, les paires d'anticorps bispécifiques 

n'activent pas de manière préférentielle les cellules T régulatrices qui expriment la chaîne 

alpha du récepteur de l'IL-2 (CD25). Les résultats in vitro ont montré que l’activité des paires 

d'anticorps bispécifiques à elle seule ne permet pas aux lymphocytes T et aux cellules NK 

de détruire les cellules tumorales, mais permet d’amplifier leur activité tumoricide induite 

par des anticorps bispécifiques capables de rediriger des lymphocytes T vers les cellules 

tumorales ou par des anticorps monoclonaux. Dans un modèle murin transgénique 

exprimant hCD122 et hCD132, les paires d'anticorps bispécifiques induisent l’accumulation 

au sein de la tumeur de cellules T CD8+ mémoire centrale et de cellules NK, tout en étant 

bien tolérées, sans libération systémique de cytokines inflammatoires. De plus, dans un 

modèle murin de cancer, la combinaison de la paire d'anticorps bispécifiques avec un 

inhibiteur de point de contrôle du système immunitaire a réduit la croissance tumorale de 

manière plus marquée que l’administration de l’inhibiteur de point de contrôle du système 

immunitaire seul. L’analyse des tumeurs a montré que le traitement combiné induisait 

l’expansion des cellules T CD8+ mémoire centrale, des cellules NK et augmentait 

l’expression de molécules cytotoxiques telles que la granzyme B. En outre, cette étude a 
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exploré la possibilité d'utiliser une paire d'anticorps bispécifiques ciblant deux antigènes 

tumoraux distincts permettant de réduire davantage la possibilité d'activation des cellules 

immunitaires hors du microenvironnement tumoral. 

Dans l’ensemble, cette étude décrit une nouvelle approche immunothérapeutique 

permettant une activation des voies de signalisations des interleukine-2/15 spécifiquement 

dans les tumeurs et sans induire d’effets toxiques. Cette approche a ainsi le potentiel de 

surmonter les limitations de l’administration de haute dose d’IL-2 recombinante. Cette 

approche pourrait être étendue pour exploiter thérapeutiquement de nombreuses autres 

voies de signalisation de cytokines pour le traitement de cancers mais également dans le 

contexte d’autres maladies. (OpenAI. ChatGPT disponible sur : https://chatgpt.com/ a été 

utilisé pour traduire ce texte que j’ai écrit initialement en anglais. La traduction a été revue 

par moi-même et Dr. Nicolas Fischer). 
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TRAIL  TNF-related apoptosis-inducing ligand 

Tregs  regulatory T cells 

TRM  tissue-Resident Memory T cell 

TSCM  Stem Cell like Memory T cell 

V  Variable region 

VLS  Vascular Leak Syndrome 
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λ  Lambda (referred to antibody and DNA locus) 

 



18 

 

5 Introduction 

5.1 Cancer 

With rising life expectancy and shifts in lifestyle, cancer has cemented its place as one of 

the most prominent causes of death. The International Agency for Research on Cancer 

estimated close to 20 million cancer cases in 2022 and expects the number to rise by 76.6% 

by 2050.1 Fortunately, cancer deaths have not risen with the same speed. The National 

Cancer Institute reported data showing that survival rates in the United States have 

significantly improved rising from around 50% in 1975 to over 70 % in 2016 (Fig. 1A).2  

The improvement in cancer survival directly results from the growing scientific interest in 

cancer (Fig. 1B).3 Scientific efforts have significantly developed our understanding of cancer 

biology. In 2000, D. Hannan and R.A. Weinberg published the seminal list of six hallmarks 

acquired by cells during cancer development,4 which was updated in 2011 and again in 

2022 to reflect the growing understanding in this field (Fig. 1C).5,6 Cancer cells develop from 

healthy cells that progressively become more dysfunctional. These cells can accumulate 

mutations during mitosis with a normal mutation rate of 10-7 to 10-8 per nucleotide per cell 

division. Many internal or external factors can significantly increase the speed at which 

mutations are accumulated. The cumulation of these mutations leads to dysregulated cell 

growth and ultimately cancer.4–6 Until the last decade of the 20th century, oncologists relied 

exclusively on surgery, radiotherapy, chemotherapy, or a combination of them.7 Since then, 

our comprehension of cancer led to molecularly targeted therapies and immunotherapies.8 

These “new pillars” of cancer therapy would not have been possible without a fundamental 

understanding of cancer and the immune system. In my thesis, I will present a novel cancer 

immunotherapy approach. Hence, the rest of the introduction will focus on the relevant 

components of the immune system, cancer, and related cancer therapies. 
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5.2 Immune system 

The immune system is a complex network of cells, soluble factors, and tissues that 

collaborate to maintain the body's homeostasis. The immune system is responsible for 

defending the body against external infections and dysregulated host cells.9 The individual's 

health is compromised whenever the immune system fails to fulfill any of these roles. The 

fight against external infections shares many similarities with the response to dysregulated 

cells but won’t be further discussed here. The immune system can be divided into two main 

components: the innate and the adaptive immune systems.10 The innate immune system 

prevents or warns off most threats with a quick but non-specific response. It is composed 

of protective barriers, soluble components, and innate immune cells.11 Due to their 

relevance to this work, NK cells, dendritic cells, and soluble components such as cytokines 

will be introduced in dedicated sections. The adaptive immune system constitutes a second 

Figure 1 (A)The evolution of patient survival from 1975 to 2016. Graph created with data 

from the SEER Registries. (B) The amount of Pubmed entries mentioning “cancer” by year 

from 1975 until 2023. Graph created with data from pubmed.ncbi.nlm.nih.gov. (C) The 

Hallmarks of cancer across the years. Six were identified in the year 2000 (left), ten in the 

year 2011 (middle) and 14 in the year 2022 (right). Adapted from  Hanahan D. et al., 2000 

and Hanahan D. et al., 2022. 5,3,2,6 
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line of defense that is slower but can develop a specific defense against its target. It 

comprises immune cells and soluble proteins released by some of these cells.11 Due to their 

relevance to this work, T cells and antibodies will be introduced in dedicated sections. In 

this introduction, I will present some comparisons between the human and the mouse 

immune systems as syngeneic mouse models are used in this research. 

5.2.1 The major histocompatibility complex (MHC) I/II 

The MHC molecules play a central role in innate and adaptive immunity; hence, introducing 

them here will ease understanding the different cell populations. The MHC molecules are a 

group of proteins encoded by genes in the human leukocyte Antigen (HLA) region.12 These 

proteins are expressed at the surface of cells and allow the presentation of peptides to T 

cells. The high polymorphism of these genes results in populations capable of presenting a 

wider range of peptides and responding to most pathogens.12 MHC molecules can be 

distinguished between MHC class I and MHC class II.13 

MHC class I molecules are constitutively expressed on all healthy nucleated cells and are 

encoded by HLA-A, HLA-B, and HLA-C genes.14 MHC I are dimeric molecules composed 

of an α chain (composed of α1, α2, and α3 extracellular domains, a transmembrane domain 

and a C-terminal cytoplasmic tail) bound to a β2-microglobulin.15 The polymorphism of the 

MHC I is linked to variations in the peptide binding groove found between domains α1 and 

α2.16 MHC I molecules primarily load peptides of 8-10 amino acids.17 The β2-microglobulin 

does not interact directly with the loaded peptides but is essential for the formation and the 

stability of the peptide binding groove of the α chain.15,18 Some peptides of extracellular 

origin can be loaded on MHC I through cross-presentation, but most are of intracellular 

origin.19 MHC I molecules are vital for the inhibition of NK cells and the development and 

activation of CD8+ T cells. 

MHC II molecules are composed of an α and a β chain.20 α1 and  β1 domains are highly 

polymorphic and are involved in the interaction with the loaded peptides, while the rest of 

the chains are involved in the interaction with CD4.20,21 These molecules are encoded by 

HLA-DP, HLA-DQ, and HLA-DR genes.14 Different from MHC class I molecules, MHC class 

II molecules are not ubiquitously expressed. They are expressed by antigen-presenting cells 

(APCs) such as dendritic cells (DCs), macrophages, B cells, and medullary thymic epithelial 

cells (mTECs).22 mTECs are cells involved in T cell development, and their function will be 

briefly discussed later. The other APCs can engulf and process extracellular antigens into 
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13-25 amino acid peptides that can be loaded on MHC II molecules.17,23 The recognition of 

these complexes is essential for the development and activation of CD4+ T cells. 

5.2.2 Cytokines 

Cytokines are small secreted proteins produced by immune and non-immune cells that can 

affect many biological processes and are particularly important in the crosstalk between 

immune cells. They have been described to regulate cell growth, differentiation, migration, 

survival, inflammation, tissue repair, and immune responses.24 Cytokines are classified into 

families based on structure and function: Transcription growth factor (TGF-β), Chemokines, 

Tumor necrosis factor (TNF) superfamily, Colony stimulating factors (CSFs),  Interferons 

and interleukins. TGF-β promotes tissue growth and repair and is known to favor tumor 

progression.25 Chemokines are a cytokine family that regulates cell migration through 

chemotactic gradients. The chemotactic gradient is sensed by cells expressing the 

appropriate receptor and guides cells to tissues where they can impact immune responses, 

inflammation, and angiogenesis.26 Several chemokine receptor antagonists are being 

explored in the clinic as they could reduce tumor microenvironment (TME) infiltration by 

immunosuppressive cells.27 TNF superfamily consists of ligands and receptors with some 

common structural motifs that regulate apoptosis, proliferation, survival, and differentiation. 

Anti-TNF antibodies are used for autoimmune diseases and no molecule has been 

approved for cancer treatment.28 CSFs are a family of cytokines that is critical during 

hematopoiesis. CSF-targeting drugs are used to treat neutropenia in cancer patients 

undergoing chemotherapy. Interferons are a family of cytokines divided into type I, II, and 

III interferons based on the receptor that transduces its signaling. A wide range of cells 

produces type I and type III interferons in response to pathogen-associated molecular 

patterns (PAMPs) or damage-associated molecular patterns (DAMPs).29,30 Type I 

interferons are known to induce a strong systemic antiviral response. The strong anti-cancer 

response induced by type I interferons has resulted in the FDA approval of a few molecules 

to treat some cancer indications.31 The response to type III interferons induces similar 

intracellular signaling to type I interferons but results in a more controlled reaction focused 

on epithelial barriers.32 Interferon γ (IFN-γ) is the only type II interferon and is expressed by 

NK cells, T cells, and B cells during immune responses. Its receptor is widely expressed, 

and studies have shown both pro-tumorigenic effects and anti-tumor activity.33,34 There is 

still extensive research on the cytokine, but no drugs targeting this pathway have been 

approved in oncology.35 Finally, interleukins are divided into families based on their 
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receptors and structural similarity, which is not always reflected in similar biological 

activities. Because the research presented later revolves around IL-2 and IL-15 signaling, 

these cytokines will be described in dedicated sections and the rest of the introduction.  Both 

cytokines are members of the IL-2 family, a group of cytokines transducing their signal 

through receptor complexes involving CD132 (also called common γ receptor). This family 

of cytokines also includes IL-4, IL-7, IL-9, and IL-21. Despite some commonalities, these 

cytokines fulfill very different roles in the immune system.36 

5.2.2.1 IL-2/IL-15 cytokine and receptor expression  

IL-2 and IL-15, in addition to binding the same CD132 subunit, share also the β subunit of 

their receptor (CD122, Fig. 2A).37 Both the receptor for IL-2 and the one for IL-15 have an 

additional subunit that lacks an intracellular signaling domain but helps the receptor bind to 

its ligand with higher affinity. IL-2Rα (CD25) binds the cytokine in cis (meaning on the same 

cell) and increases the receptor's affinity by around 100 times (Fig. 2A).38 IL-15Rα (also 

called CD215) is most often expressed by a different cell and captures IL-15.39 The captured 

IL-15 is then presented to cells expressing CD122 and CD132.40 Both cytokines can 

transduce signaling without their α subunit, but the downstream effects of the engagement 

are different. 

Studies have shown that the IL-2 gene expression is controlled by many transcription factors 

with binding sites in IL-2 promoter. Nuclear factor of activated T cells (NFAT), activator 

protein 1 (AP-1), nuclear factor-κB (NF-κB), octamer-binding protein (OCT1 also called 

POU2F1), high mobility group protein HMG-I/HMG-Y (HMG-I(Y) also called HMGA1) and 

forkhead binding protein (FOXP3) are some of the most important regulators.41–45 The 

control of IL-15 is not comprehensively understood, but it is known to be induced by IRF-1 

and NF-κB (Fig. 2B).46 

Some studies have been performed on the expression of the subunits composing the IL-2 

and IL-15 receptors. Binding sites for ETS1, GA-binding protein (GABP), specific protein 1 

(SP1), early growth protein 1 (EGR1), and EWS-WT1 are found in the promoter of 

CD122.47–49  

More interestingly, phosphorylated Signal transducer and activator of transcription 5 

(pSTAT5) binding sites were also found, suggesting a positive feedback loop.50–52  

The studies regarding the CD132 promoter are more limited, but it is known that it contains 

multiple ETS binding sites.53 CD25 expression was studied more extensively. Binding 

sequences for pSTAT5, pSTAT3, NFAT, NF-κB, AP-1, SP1, EGR1 and E74-like factor 1 

(ELF1) have been identified in the promoter of CD25.54–57 It is worth noting that expression 
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studies and the numerous binding sites for pSTAT5 in the promoter show that IL-2 is an 

important inducer of CD25 expression (Fig. 2B).50,51 CD215 has been studied less 

extensively, and the information regarding its expression is more limited. A study has 

identified NF-κB and IFN regulatory factor 4 (IRF-4) as regulators of CD215 expression.58  

Sections dedicated to NK cells, DCs, T cells, and B cells will discuss the specific expression 

of IL-2 and IL-15 receptor subunits and specific signaling effects related to these cells. 

Endothelial cells, NKT cells, mast cells, macrophages, Innate lymphoid cells (ILCs, divided 

into ILC1, ILC2, and ILC3), and eosinophils can produce or respond to IL-2 and/or IL-15 

signaling but won’t be discussed at length here. 
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Figure 2 (A) IL-2 can bind to different forms of its receptor. CD25 binds IL-2 with low affinity 
(left), the dimeric CD122/CD132 has an intermediate affinity (middle) and the trimeric 
CD122/CD132/CD25 has a high affinity (right). (B) In order from top to bottom the figure 
depicts a schematic representation of the promoter of IL-2, CD25, CD122 and CD132. 
Adapted from Spolski et al.59 

5.2.2.2 IL-2/IL-15 signaling 

Since the two cytokines share both receptor subunits with an intracellular signal transducing 

domain, their downstream signaling is inherently similar. IL-2/IL-15 can initiate three 

intracellular signaling cascades: (i) the Janus kinase (JAK)/ STATs, (ii) the 
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phosphatidylinositol 3-kinase (PI3K)/Protein kinase B (AKT or PKB) and (iii) the mitogen-

activated protein kinase (MAPK)/extracellular signal-regulated kinases (ERK) pathways 

(Fig. 3). (i) Once IL-2 or IL-15 (complexed with CD215 or not) engage on the receptor, the 

CD122 associated JAK1 interacts with the CD132 associated JAK3.60,61 The interacting 

JAKs will then recruit and phosphorylate STAT molecules downstream. The activity of JAKs 

can be inhibited by negative regulators such as proteins in the suppressor of cytokine 

signaling (SOCS) family. STAT5 is the primary transcription factor recruited, but STAT3 and 

STAT1 can also be phosphorylated. The pSTAT forms homodimers and, in the case of 

STAT5, also tetramers, which can translocate to the nucleus and induce transcriptional 

changes.62–64 The engagement of IL-2 or IL-15 on the receptor, in addition to the recruitment 

of STATs, leads to the recruitment of adaptor proteins and other kinases to the receptor 

complex. (ii) In the activation of the PI3K/Akt pathway, PI3K is recruited to the receptor and 

initiates the activation of the downstream cascade by phosphorylating phosphatidylinositol-

4,5-bisphosphate (PIP2) into phosphatidylinositol-4,5-trisphosphate (PIP3). PIP3 activates 

Akt and leads to the activation of mTOR.65–67 (iii) In the activation of the MAPK/ERK 

pathway, the recruitment of adaptor proteins leads to the activation of Raf through the 

GTPase activity of Ras. Raf phosphorylates MAPK/Erk, which can enter the nucleus to 

phosphorylate transcription factors.68–71 These three pathways downstream of the IL-2/IL-

15 receptors have some distinct biological outcomes but are mostly linked to 

stimulatory/activating effects. (i) The JAK/STAT pathway is known to induce proliferation 

and cytokine production, favoring survival and effector function of T and NK cells.72–75 

pSTAT5 binding sites are found in numerous genes, some of which have already been listed 

and are involved in IL-2/IL-15 signaling. (ii) The PI3K/Akt signaling pathway affects cell 

survival and metabolism. Notably, activating mTOR downstream of this cascade is a key 

controller of cellular metabolism.76–78 (iii) The MAPK/ERK pathway is involved in cell 

differentiation and was shown to induce proliferation, reduce apoptosis and increase 

production of cytokines in immune cells.79,80 

IL-2 and IL-15, despite signaling through similar pathways downstream of their receptors, 

have some non-overlapping biological functions, which can be explained by the biological 

differences surrounding the two cytokines. First, while both cytokines initiate signaling 

through the same intracellular cascades, the contribution of each individual cascade and 

the importance of some downstream components differ.  For example, IL-15 induces the 

proliferation of T cells through FKBP12 and a strong activation of mTOR in NK cells, while 

IL-2 relies on FKBP12.6 and does not activate mTOR to the same level.81 Additionally, these 
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cytokines can be produced and released by different cells that can respond to various stimuli 

and can be localized in different tissues.82–84 The expression of the receptor subunits and 

the downstream components can fluctuate between cells and contribute to the differences 

in the responses to IL-2 and IL-15. Lastly, the cis-signaling of the soluble IL-2 compared to 

the trans-presentation of CD215-bound IL-15 to neighboring cells can also contribute to the 

observed responses and functions.85–89 Altogether, IL-2 and IL-15 are potent stimulatory 

cytokines that rely on similar intracellular signaling pathways but have some distinct 

biological functions because of more complex biological reasons. 

 

Figure 3 IL-2 and IL-15 share the same signal transducing receptor subunits 
(CD122/CD132). They have an additional distinct subunit that increases the affinity of the 
receptor. CD25 engages IL-2 and is expressed by the same cell expressing CD122/CD132. 
CD215 binds and present IL-15 to different cells. Both cytokines transduce their signal 
through the same 3 pathways: (i)MAPK/ERK, (ii)JAK/STAT and (iii)PI3K/Akt. Adapted from 
Yang and Lunqvist.90 
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5.2.3 Immune cells 

As mentioned, in addition to physical barriers and soluble factors, the immune system 

involves a complex network of immune cells communicating and interacting to defend the 

host. Some of these cells will be discussed here, emphasizing IL-2 and IL-15 signaling. 

5.2.3.1 NK cells 

NK cells are a subset of innate immune cells of lymphoid origin. These cells exist in humans 

and mice, but markers are not conserved between species. Human NK cells are commonly 

identified as CD3- and CD56+ and can be differentiated between CD56dim and CD56bright.91 

CD56dim cells are more abundant in the blood and have potent cytotoxic functions.92 

CD56bright cells are potent cytokine producers with less cytotoxic functions.92,93 CD56bright 

was considered less mature, and a precursor to CD56dim, but new studies suggest a less 

linear development.94 Mouse NK cells are identified as CD3- and NK1.1+ (in C57BL/6 mice). 

NKp46 is a cytotoxic receptor shared by humans and mice that is also used to identify NK 

cells. Similarly to other immune cells, NK cells display activating and inhibitory receptors.95 

Unlike T cells, NK cell activating receptors do not adapt to their target and mostly recognize 

some common or shared motifs in pathogens or stress induced molecules (Fig. 4C). A 

different example is CD16, which binds to the Fc portion of antibodies to carry out antibody-

dependent cellular cytotoxicity (ADCC).96 Killer immunoglobulin-like receptors (KIR) are 

inhibitory receptors that bind to MHC I and suppress the cytotoxic function of NK cells (Fig. 

4A).97 Tumorigenic or virally infected cells might downregulate MHC I expression, which 

favors their elimination by NK cells (Fig. 4B).98 Activated NK cells can kill their target through 

two mechanisms. In the first, NK cells release perforin and granzymes (gnzm) through 

granules. Perforin will create pores in the target cell's membrane, and gnzm will induce 

apoptosis. In this process, the NK cells can recognize some molecules expressed at the 

cells' surface directly or indirectly through the Fc portion of the antibodies.99 Alternatively, 

NK cells express Fas ligand (FasL) and Tumor necrosis factor (TNF)-related apoptosis-

inducing ligand (TRAIL) that can induce apoptosis in cells expressing their cognate 

receptors.100 Activated NK cells can also produce cytokines that can directly affect target 

cells or shape the response of other immune cells.101  

Studies have identified many signaling pathways involved in the survival and differentiation 

of NK cells from hematopoietic stem cells. Importantly for this work, IL-2 and IL-15 are 

important for NK cell differentiation and homeostasis and inducing their activation and 

proliferation.102,103 Naïve NK cells express CD122 and CD132 but not CD25. Upon 

activation, they can upregulate the expression of CD25, increasing their sensitivity to IL-
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2.104 IL-2 is not necessary for the development of mature NK cells but is involved in their 

activation and their development of cytotoxic functions.105 IL-2 was shown to increase the 

expression of cytotoxic molecules such as perforin and gnzm-B and to increase their 

cytolytic functions altogether.106 Activating receptors such as NKG2D and NKp44 were also 

shown to be increased by IL-2 signaling.107,108 IL-2 was also shown to amplify the response 

to IL-12 through up-regulation of STAT4 and the IL-12 receptor.106,109 In addition to the 

classic proliferative signals resulting from the JAK/STAT pathway, IL-2 has been shown to 

reduce apoptosis through PI3K dependent reduction of ceramide in NK cells.110 IL-15 is 

central to NK cell biology as it is essential for developing mature NK cells and their 

maintenance and function. Mice lacking IL-15 or IL-15R are almost entirely devoid of NK 

cells and fail to support the survival of transferred WT NK cells.111,112 The induction of Bcl-

2 and MCL1, two anti-apoptotic molecules downstream of the IL-15 receptor, is likely 

involved in the maintenance of survival of these cells.113,114 IL-15 can increase the levels of 

perforin, gnzm-B and IFN-γ, and activating receptors, all important molecules for NK cell 

function.115,116 NK cells cannot produce IL-15 or IL-2 and rely on production from 

neighboring cells. IL-15 is often presented to NK cells by APCs bound to IL-15Rα at their 

surface, explaining the inability of IL-15Rα knock-out (KO) mice to support the survival of 

WT NK cells.111,117 

To summarize, NK cells are innate immune cells that can recognize and kill target cells. The 

balance between activating, inhibitory, and other signals controls the overall NK cell 

activation (Fig. 4). Many signaling pathways are involved in their development and 

regulation. Still, crucially for this work, IL-2 and IL-15 have been shown to promote their 

proliferation and functions, with IL-15 also being essential for their maturation and survival. 
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Figure 4 NK cell activation depends on the balance between activating and inhibitory 
signals. (A) MHC I will inhibit NK cells and prevent killing of healthy cells. (B) Tumor cells 
that downregulate MHC I lack inhibitory signals and activate NK cells. (C) Tumor cells 
increasing other stress signals recognized by NK cells, overshadowing the inhibitory signals 
provided by MHC I.  Adapted from Vivier et al.118 

5.2.3.2 Dendritic cells 

DCs are a subset of APC at the crossroads between adaptive and innate immunity. DCs 

express various activating receptors that result in the phagocytosis of their targets.119 Once 

internalized, DCs can process proteins into peptides and present them on MHC II or MHC I 
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through cross-presentation.120 Upon capturing antigens, DCs will upregulate migratory 

molecules, such as CCR7, and migrate to lymphoid organs, where they can activate T cells 

to initiate the adaptive immune response.121 Several different types of dendritic cells have 

been identified, such as plasmacytoid DC (pDC), myeloid/conventional DC1 (cDC1), 

myeloid/conventional DC2 (cDC2), dendritic cells 3 (DC3) and monocyte-derived DC (mo-

DC). These types of DCs are present both in humans and mice, and while not all the 

markers are conserved between the two species, their function is largely conserved (Fig. 

5A).122 

pDCs are cells involved in the response to viral infections. These cells recognize viral 

nucleic acids through TLR7 and TLR9 and produce type I interferon following activation.123 

cDC1 can prime CD4+ T cells but are predominantly recognized as the primary cross-

presenting APCs. Therefore, this DC subset is largely responsible for CD8+ T cell priming 

and activation.124 cDC1 can also secrete type III interferon in response to viruses and 

activate CD4+ T helper 1 cells (Th1) through IL-12.125 cDC2 cells can also prime CD8+ T 

cells but are predominantly responsible for Th1, Th2, and Th17 cells priming. (Fig. 5B)126 

Once activated, cDC2s secrete cytokines that will also contribute to the initiation and guide 

the adaptive immune response.127 DC3 are intratumoral dendritic cells that likely develop 

from both cDC1 and cDC2 upon activation that are described in different cancer types 

across species.128,129 DC3 are characterized by important transcriptional changes and the 

higher levels of immunoregulatory molecules, LAMP3, and CCR7 without migrating to 

lymphoid tissues.129,130 Mo-DCs differentiate from monocytes during inflammation.131 Once 

activated, mo-DCs can prime CD4+ and CD8+ T cells and secrete IL-12 and IL-23.131,132 

While DCs do not produce IL-2, DC-derived IL-15 is essential for some immune cells.133 In 

addition to IL-15, cDC1 and cDC2 also express IL-15Rα, allowing them to trans-present IL-

15/IL-15Rα complexes to other cells.111,117 T cells can be activated through trans-

presentation, but as mentioned in the previous chapter, this mechanism is crucial for the 

maintenance and function of NK cells.134 pDC are not known to be directly involved in the 

trans-presentation of IL-15 but promote trans-presentation from other DCs indirectly through 

IFNs.135 mo-DCs can produce IL-15 but have lower expression levels of IL-15Rα and are 

not considered the main trans-presenting DCs.136 As mentioned, DCs do not produce IL-2 

but are sensitive to both cytokines.137 IL-2 favors the maturation and the function of 

conventional DCs. Studies have shown that IL-2 can increase MHC and co-stimulatory 

molecule expression.138 IL-15 promotes the activation of both conventional DCs and mo-
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DCs.139,140 IL-15 signaling favors the production of type I IFN by pDC during viral 

infections.141 

In conclusion, several types of DCs exist. They are innate cells that initiate adaptive immune 

responses against intracellular and extracellular pathogens by presenting antigens to CD4+ 

and CD8+ T cells and by producing cytokines.  

 

Figure 5 Dendritic cells can be differentiated between pDC, cDC1, cDC2 and mo-DC. (A) 
Each dendritic cell type responds to different pathogens/signal and interacts with different 
T cell populations. Adapted from Collin and Bigley122. (B) Dendritic cells can express both 
MHC I and MHC II to prime both CD4+ and CD8+ T cells. Dendritic cells express co-
stimulatory molecules that are important for T cell activation. Adapted from Kurts et al. 120 
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5.2.3.3 T cells 

T cells are a major subset of adaptive immune cells and can be divided between CD4+ , 

CD8+  and γδ T cells.  CD4+ T cells are a very diverse subset of cells that historically was 

mostly linked with a supporting role to other immune cells. It is now clear that their role is 

not limited to aiding other cells, but some have direct immunosuppressive or cytotoxic 

functions. CD8+ T cells are key cytotoxic cells involved in the defense against intracellular 

pathogens and tumors. γδ T are less abundant compared to the other T cells but are 

enriched in some tissues like the lungs, intestines, and skin, where they are involved in 

immune responses, tissue repair, and maintenance.142 

5.2.3.3.1 T cell receptor (TCR) 

T cells are one of the leading adaptive immune cell subset that develop from common 

lymphoid progenitor cells in the thymus.143 The hematopoietic progenitors migrate to the 

thymus, where they start as double negative cells (meaning CD4- and CD8- cells) and start 

rearranging first their TCRβ and, later, TCRα. γδ TCRs also exist but won’t be discussed in 

depth here. Once entirely rearranged, these two TCR chains will combine into the receptors 

responsible for recognizing specific antigens. The TCRα gene locus is composed of the 

variable (V), joining (J), and constant (C) regions. The TCRβ comprises the V, diversity (D), 

J, and C regions. During TCR rearrangements, enzymes called recombination activating 

gene 1 (RAG1) and RAG2 will induce double-strand breaks at different sites to rearrange 

the different regions of the TCRs and generate diversity by creating different 

combinations.144 First, the TCRβ rearranges its segments in the following order: (i) Dβ with 

Jβ to form the DJβ complex, (ii) Vβ with DJβ to form VDJβ.145 This rearranged VDJβ 

segment is transcribed with the C segments and the introns between them. These introns 

and all but one C segment are removed during splicing to produce functional TCR 

receptors.146 Cells also create diversity thanks to specific enzymes that add or delete 

nucleotides in the junctions between the different segments during rearrangements.147 This 

process leads to great diversity and primarily affects the complementarity determining 

regions (CDR) of the TCR, and, more specifically, the CDR3, which is pivotal in recognizing 

antigens.148 Once cells have selected their TCRβ chain, they become CD4+ and CD8+ (the 

so-called double-positive cells) and start selecting their TCRα chain. The process is similar 

to that of the TCRβ but limited to rearrangements between Vα and Jα segments.149 After 

the rearrangements of the α chain, the TCRα/β complex is expressed by double-positive 

cells that, in the cortex of the thymus, will undergo positive selection. During positive 

selection, cells will be exposed to self-peptides loaded on MHC I and MHC II and expressed 
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by cortical thymic epithelial cells (cTECs).150 Cells recognizing MHC I or MHC II complexes 

will commit to CD8+ or CD4+, respectively, while cells failing to recognize any will not receive 

survival signals and die.151 In the medulla of the thymus, the single positive cells are 

exposed to a wide range of self-peptides expressed by specialized cells called mTECs and 

presented by mTEC or dendritic cells on MHC I and MHC II.152 CD4+ and CD8+ cells that 

recognize complexes with strong affinity are eliminated through apoptosis. Some self-

reactive cells are kept alive but differentiate into regulatory CD4+ T cells with 

immunosuppressive roles.150,152 Negative selection is important to prevent auto-immune 

diseases by eliminating T cells targeting self-peptides with strong affinity. The cells surviving 

this step are considered mature and can leave the thymus.151 Altogether, T cells develop in 

the thymus through a process that results in cells with a unique TCR that will allow the 

recognition of a wide range of exogenous peptides. Depending on the MHC specificity, the 

differentiation results in CD4+ or CD8+ T cells. This process will result in CD4+ and CD8+ T 

cells expressing TCR receptors that will recognize their cognate antigens loaded on MHC 

II and MHC I, respectively.  

5.2.3.3.2 T cell activation 

Naïve T cells leaving primary lymphoid tissues have mature TCR but require additional 

signals to differentiate further and exert their functions. Binding of their TCR to their specific 

antigen-MHC complex is also called signal 1, providing a strong stimulatory signal to the T 

cell.153 CD3 is an essential protein for the stabilization and function of the TCR during T cell 

development and in mature T cells. CD3 also has a signal-transducing moiety essential for 

activating antigen-specific cells and is considered part of signal 1.154 Studies have shown 

that in the absence of signal 2 and/or signal 3, signal 1 can lead to T cell apoptosis and 

anergy, which is a state of unresponsiveness.155,156 Signal 2 is also called co-stimulation, 

which could be provided by different signaling pathways, with the most extensively studied 

being the CD28-CD80/CD86 pathway. CD28 is expressed by T cells, and its ligands are 

expressed by APCs, allowing them to initiate strong adaptive immune responses and sway 

the differentiation of the T cell.157 Another example of signal 2 is 4-1BB-4-1BBL.158 In 

addition to these two primary signals, the fate and activation of T cells also rely on a plethora 

of complementary signals from cytokines.  In the following sections, the importance of some 

of the cytokines for the differentiation and function of T cells will be touched on. Naïve and 

non-activated T cells express CD122 and CD132 constitutively at varying levels.159,160 In 

resting conditions, only a subset of CD4 T cells expresses CD25, but it can be induced in 

all T cells upon activation.161 Among others, TCR signaling and IL-2 signaling lead to CD25 
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upregulation.162 CD215, as explained previously, is usually not expressed by T cells but by 

other cells that cross-present IL-15. Both cytokines generally lead to T cell proliferation and 

increase cell function, but the response can vary depending on the T cell population 

exposed to the cytokines. Additionally, T cells express inhibitory receptors at their surface 

upon activation. These inhibitory pathways, also known as checkpoints, are important to 

prevent immune cells' excessive activation and autoimmunity. Two of the first described 

inhibitory receptors on activated T cells are CTLA-4 and PD-1. CTLA-4 binds to CD80/CD86 

with higher affinity than that of CD28 to CD80/CD86. This receptor dampens T cell activation 

by outcompeting CD28 and diminishing CD28 co-stimulation.163 PD-1 binds to PD-L1 and 

PD-L2. PD-L1 is expressed by some immune and non-immune cells but is also exploited by 

cancerous cells to evade the immune system. PD-L2 is mainly expressed by APCs. The 

engagement of PD-1 on their ligands starts a signaling cascade that reduces T cell effector 

functions.164,165 Similarly to NK cells, T cells' outcome and activation state depend on the 

balance between all these inhibitory and stimulating signals. 

5.2.3.3.3 CD4 T cells 

After leaving the thymus, CD4+ T cells are considered naïve cells but can undergo further 

differentiation upon activation. Naïve cells encountering their cognate antigen will generally 

start clonal expansion. CD4+ T cells do not recognize antigens directly on target cells but 

rely on presentation from APCs. Depending on the strength and duration of the TCR 

signaling, co-stimulation, and other environmental signals, the proliferating activated cells 

will differentiate into different sub-populations (Fig. 6).166 The main subpopulations of CD4+ 

T cells that have been described are the following: 

(i) Th1 are important in the response to intracellular pathogens and in cancer.167 The 

differentiation into Th1 cells is controlled by the transcription factor T-bet, induced 

by IL-12, and promoted by strong TCR signaling and IFN-γ. Once activated, Th1 

can produce several cytokines like IFN-γ, IL-2 and TNF-α.168,169 Thus, Th1 cells 

can promote their own differentiation and activate neighboring cells such as other 

CD4+ T cells, CD8+ T cells, macrophages, dendritic cells, and NK cells. 

Additionally, Th1 cells express CXCL9, CXCL10, and CXCL11, promoting the 

recruitment of immune cells such as CD8+ T cells to inflamed tissues.170 

(ii) Th2 differentiation is controlled by Gata3 and requires IL-4 signaling.171 Th2 cells 

are involved in the responses to extracellular parasites and in allergies.172 

Activated Th2 cells produce cytokines such as IL-4, IL-5, and IL-13, promoting 

their own differentiation and other cells involved in the immune reaction to 
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parasites and allergies. Their activation promotes IgE production, eosinophils, 

and mast cell activation.173 

(iii) Th9 differentiation is favored by the combined IL-4 and TGF-β stimulation.174 Th9, 

similarly to Th2, produce IL-9 and are involved in the response to parasites and 

allergies. These cells have not been studied as extensively as other populations, 

but they are known to activate mast cells and eosinophils.175 

(iv) Th17 are key cells in the response to extracellular pathogens.176 A strong TCR 

stimulation combined with IL-6 and TGF-β favors the differentiation and 

maintenance of Th17 cells for which the transcription factor RORγT is key.177,178  

Th17, in response to extracellular pathogens, can activate neutrophils through IL-

17A and IL-17F, while their release of IL-22 promotes epithelial repair and the 

production of antimicrobial peptides.179 

(v) Th22, like Th17, promotes the repair of epithelial barriers and the production of 

antimicrobial peptides through the release of IL-22.180 Their differentiation is 

favored by TCR signaling accompanied by IL-6 and TNF-α.181 They do not 

produce IL-17 and express CCR6, CCR4, and CCR10, which are important in 

guiding Th22 to the skin.182,183 

(vi) T follicular helper cells (Tfh) are important in assisting B cells in producing 

antibodies in germinal centers. Differentiation of Tfh is controlled by the 

transcription factor Bcl-6 and is favored by prolonged TCR engagement on MHC 

II-antigen complexes presented by mature dendritic cells accompanied by IL-6 

and IL-21 stimulation.184–186 Thanks to their expression of CXCR5, Tfh are guided 

to B cell follicles in secondary and tertiary lymphoid structures, where dendritic 

cells guide them through the expression of CXCL13.186 These germinal centers 

assist B cells in the production of high-affinity antibodies and in the development 

and survival of memory B cells and long-lived plasma cells. Tfh can interact and 

stimulate directly with B cells through TCR-MHC II interaction and co-stimulate  B 

cells thanks to their expression of CD40L that binds to CD40 on B cells.187 Tfh 

effect on B cells is mediated by direct cell-cell interaction and the release of IL-4, 

IL-6 and IL-21.187–189 

(vii) Treg cells are immunosuppressive cells that help maintain self-tolerance and 

prevent excessive immune responses to avoid tissue damage. Tregs can be 

divided between thymic Tregs (tTregs) and peripheral Tregs (pTregs).190,191 

tTregs develop after recognizing self-antigens in the thymus and will suppress 
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self-reactive T cells that managed to leave the thymus, thus preventing 

autoimmunity. tTregs development and function is controlled by the transcription 

factor FoxP3 and express high levels of CD25.192 pTregs are differentiated from 

mature CD4+ T cells outside of primary lymphoid tissues. Their differentiation is 

promoted by TGF-β signaling in the absence of strong co-stimulation.193 pTregs 

are important in ensuring tolerance towards external antigens like those 

expressed by the commensal microbiota.194 These peripherally differentiated 

Tregs can be further classified depending on different transcription factors and 

different markers expressed at their surface, but they all have high levels of CD25 

and dampen immune responses. Once activated, Tregs can release 

immunosuppressive cytokines such as IL-10 and TGF-β to favor their own 

differentiation and reduce T cell responses.195–197 Tregs function is not limited to 

the release of cytokines and can affect other cell populations through inhibitory 

membrane-bound proteins like CTLA-4.198 Additionally, high expression of CD25 

by Tregs under resting conditions makes them more sensitive to IL-2 compared 

to the other immune cells. In these conditions, the basal levels of IL-2 are 

captured mainly by Tregs and contribute to low immune activation without strong 

inflammatory stimuli.199 This subset of CD4+ T cells also responds very differently 

to TCR signaling than other subsets. FoxP3 interacts with several transcription 

factors downstream of the TCR, altering the response to the recognition of 

antigens. An important signaling cascade downstream of the TCR results in NFAT 

activation. In non-Treg CD4+ T cells, NFAT increases IL-2 production. In Tregs, 

the interaction of FoxP3 with NFAT decreases IL-2 expression and increases 

expression of CD25 and CTLA-4.200 Similarly, FoxP3 binds to the transcription 

factor Runx1, forming a complex further decreasing IL-2 production.201 

(viii) Cytotoxic CD4+ T cells are thought to be defined by the transcription factors T-bet 

and Eomes. Reports supporting the cytotoxic functions of CD4+ T cells were 

already published at the end of the 1970s but their study has been neglected 

compared to cytotoxic CD8 T cells.202 Some cytotoxic CD4+ T cell markers, like 

NKG2D, have been proposed, but a clear consensus is missing.203 Cytotoxic 

CD4+ T cells have increased levels of cytotoxic molecules, like gnzms and 

perforin, and are thought to be involved in chronic infections and cancer.204,205 

Activated CD4+ T cells generally differentiate into different subsets with different effector 

functions. Most activated cells will undergo apoptosis when the antigen is cleared, and other 
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stimulatory signals are decreased. Still, some will survive as memory CD4+ T cells to provide 

better and quicker responses in the future. Importantly for this work, the basal levels of IL-

2 produced at homeostasis are mainly produced by the CD4+ T helper cells described 

here.206 Under inflammatory conditions, all the CD4+ T cells except regulatory T cells 

increase their production of IL-2, leading to much higher levels.201 

 

 

Figure 6 Naive CD4+ T cells can differentiate into many different subpopulations. The 
outcome is influenced by their environment and by the cytokines they are exposed to during 
their differentiation. The different CD4+ subpopulations exert different roles and produce 
different cytokines themselves. Adapted from Saillard M. et al. 207 
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5.2.3.3.4 CD8 T cells 

The primary role of CD8+ T cells is to recognize and eliminate cancerous cells and cells 

infected by intracellular pathogens. Mature naïve CD8+ T cells that leave the thymus will 

circulate between secondary lymphoid organs and peripheral tissues. CD8+ T cells can bind 

their cognate antigen on DCs or directly on target cells. DCs also express high levels of 

CD80/CD86 and stimulatory cytokines, resulting in potent co-stimulation of CD8+ T cells 

through CD28 and activation through cytokine receptors (Fig. 7).157 The stimulation of Naïve 

T cells by DCs happens mostly in secondary lymphoid organs where CD8+ T cells are 

guided by their high expression of CCR7 and CD62L.208,209 This stimulation of CD8+ T cells 

results in clonal expansion and differentiation into effector CD8+ T cells. Effector CD8+ T 

cells have increased levels of cytotoxic molecules and cytokines and are primed to 

recognize and eliminate target cells. Effector CD8+ T cells also have lower levels of CCR7 

and CD62L, promoting their egress from secondary lymphoid organs.208,209 They also have 

increased levels of other migratory molecules like CCR5 and CXCR3, facilitating their 

migration towards inflamed tissues.210 When CD8+ T cells encounter their cognate antigen 

on target cells, the co-stimulatory signals provided by DCs are usually missing. However, 

CD8+ T cells already primed by DCs can exert their cytotoxic functions and clear the target 

cell. The primary mechanism through which CD8+ T cells kill target cells is by releasing 

cytotoxic molecules towards the membrane of target cells. In this process, antigen-

experienced CD8+ T cells recognize target cells through their TCR and form an 

immunological synapse by reorganizing their cytoskeleton.211 This synapse is directed 

towards the target cell, allowing the precise release of granules and sparing neighboring 

cells. The cytotoxic granules released in the synapse by CD8+ T cells contain mainly perforin 

and gnzms.212 Perforin creates holes in the membrane of target cells, and gnzms induce 

apoptosis. CD8+ T cells can also kill target cells through a different mechanism. These cells 

express FasL and TRAIL, both known to cause apoptosis in target cells upon binding their 

receptors.213 The binding of these death ligands to their receptors causes receptor 

trimerization. It initiates a signaling cascade leading to the activation of caspase-8 by the 

Fas-associated death domain (FADD) that results in apoptosis.214 Additionally, activated 

CD8+ T cells can produce cytokines like IFN-γ, TNF-α, and IL-2.215 IL-2 is a paracrine and 

autocrine factor and induces CD8+ T cell proliferation, survival, and effector function.216,217 

IL-2 has been shown to boost clonal expansion and the expression of antiapoptotic 

molecules like Bcl-2.218 Gnzm B and perforin are also increased downstream of this 

receptor.219 IL-15 is not produced by CD8+ T cells but can also induce their proliferation. 
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But, unlike IL-2, IL-15 is less associated with increased effector functions and favors the 

differentiation into memory cells (Fig. 8A).220 Inhibitory molecules like PD-1 prevent 

indiscriminate and excessive killing by CD8+ T cells. (Fig. 7). Like NK cells, the balance 

between activating and inhibitory signals will guide the activation state of CD8+ T cells and 

decide whether target cells are killed. However, this mechanism can be exploited by tumor 

cells to avoid killing by CD8+ T cells. 

 

Figure 7 Priming of T cells by APCs is done through a combination of signals. TCR/CD3 
binding to their cognate antigen provides signal 1. Signal 2 is given by co-stimulatory 
receptors like CD28 and 4-1BB. Signal 3 is given by cytokines. Signal 4 inhibits T cells and 
is given through inhibitory receptors like CTLA-4 and PD-1.Adapted from Montironi et al. 221 

5.2.3.3.5 Memory T cells 

CD4+ T helper cells and CD8+ T cells exhibit increased effector function when exposed to 

their cognate antigen. Most of the time, their activity results in the successful clearance of 

the antigen. The immune system can learn from these encounters and build a long-lasting 

memory that allows it to respond quicker in the future (Fig. 8B). During immune responses, 

a portion of CD4+ and CD8+ T cells can differentiate into different subsets of memory cells. 

A short stimulation of cells favors the differentiation of these cells, while strong and very 

prolonged activation favors a dysfunctional phenotype (Fig. 8B-C).222 IL-2 and IL-15 are 
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also involved in this differentiation step. Strong IL-2 stimulation has been shown to promote 

effector functions but is not as efficient as IL-15 at promoting the differentiation and survival 

of memory cells.223,224 IL-2 signaling without engaging the CD25 subunit of the receptor 

favors memory T cells similarly to IL-15.225 Stem cell like memory T cells (TSCM) share many 

surface markers with naïve T cells but co-express memory markers, like CD95, CXCR3, IL-

2Rβ, CD58 and CD11a.226,227 TSCM are a subset of minimally differentiated T cells with self-

renewal capacity that can differentiate into most T cell subsets, like CM, EM and RM T cells. 

Central memory (CM) CD4+ and CD8+ T cells express high levels of CCR7 and CD62L, 

which allow them to home to lymphoid organs where they can rapidly expand and 

differentiate into effector cells upon future antigen exposures.228 Interestingly, IL-15 has 

been shown to be a potent inducer of TSCM self-renewal.229 Effector memory (EM) T cells 

maintain some expression of effector molecules and do not home into secondary lymphoid 

organs. These cells remain in circulation and tissues to respond quicker during future 

exposures. Most tissue-resident memory (RM) T cells differentiate from CD8+ T cells and 

express molecules like CD69, CD103, and CXCR6 that keep them in tissues like the skin 

and mucosal barriers where they can rapidly respond.230 While not lasting indefinitely, all 

these memory cells can survive and are ready to respond quickly for many years.  

5.2.3.3.6 Dysfunctional T cells 

CD4+ and CD8+ T cells can differentiate into dysfunctional cells with reduced effector 

function. Anergy and exhaustion are two forms of dysfunction that result in reduced immune 

responses in cancer. In T cells, anergy is favored and was initially described as the state 

resulting from the engagement of MHC-antigen complex in the absence of co-stimulation.231 

Other signals such as the inhibition of mTOR can lead to anergy.232 This situation results in 

an incomplete activation downstream of the TCR, leading to reduced proliferation, reduced 

cytokine production, reduced effector function, and increased expression of inhibitory 

molecules.232 Anergy is important to prevent autoimmunity and tolerate commensal 

microbiota and food but is exploited in pathologies like cancer. T cell exhaustion is promoted 

by strong and prolonged antigen stimulation of cells (Fig. 8C). While moderate IL-2 

activation reduces exhaustion, persistent and strong IL-2R activation can favor it.233 

Immunosuppressive cytokines, like TGF-β and IL-10 or T cell inhibitory receptor ligands, 

contribute to an immunosuppressive phenotype that also favors T cell exhaustion (Fig. 

8A).234,235 Additionally, increasing evidence shows that metabolic changes are involved in 

this mechanism.236 A progressive loss of function characterizes exhaustion and happens 

commonly during chronic infections and cancer. During this progression, cells will increase 
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their expression of inhibitory receptors, reduce their expression of effector molecules, and 

lose their ability to proliferate. Among others, the array of inhibitory receptors expressed by 

cells evolves during this progression and can be used to characterize cells.237 Exhaustion 

is a primary resistance mechanism used by tumors, and modulating its progression can 

reinvigorate anti-tumor responses. 

 

Figure 8 (A) Naive T cels are primed by APCs and become activated. Activated cells can 
acquire a memory or effector phenotype that are associated with different activities and 
characteristics. Cytokines can influence their outcome. (B) During acute infections a portion 
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of the activated T cells differentiate into effector cells and the rest will become memory T 
cells. Effector cells eliminate the antigen and differentiate or die by apoptosis. Memory cells 
will survive and produce new effector cells in future exposures to the antigen. (C) During 
chronic/longer exposures, effector cells will become dysfunctional/exhausted and their 
responsiveness will be decreased. Adapted from Gebhardt et al. 238 

5.2.3.4 B cells 

B cells are the second major adaptive immune system cell population and originate from 

the same lymphoid progenitor as T cells. Some evidence suggests they could develop from 

common myeloid progenitor cells as well.239 B cells are responsible for producing antibodies 

and diversify their B cell receptor (BCR) similar to how T cells diversify their TCR. In contrast 

to TCRs, BCRs bind to their cognate antigens directly without help from MHC molecules. 

The BCR comprises chains encoded by three genes with a structure similar to the TCR. 

The gene for the heavy chain is composed of V, D, and J segments and a constant region. 

The light chains are encoded by the kappa (κ) locus and the lambda locus (λ) and are 

composed of V and J segments associated with C regions. In the bone marrow, cells 

recombine their heavy chain’s D and J segments.240 RAG1 and RAG2 induce recombination 

with the same mechanism observed in T cells and some diversity is introduced at junctions 

by Terminal deoxynucleotidyl transferase (Tdt).241 The D-J segment is recombined with the 

V segment. Cells that successfully rearranged their heavy chains start expressing a 

precursor-BCR with surrogate light chains. Next, cells will recombine their light chain’s V 

and J segments. Cells express their complete BCR as IgM at their surface and undergo 

negative selection to eliminate self-reactive cells. During this process, strongly self-reactive 

cells are eliminated by apoptosis, but in some cases, they undergo further light chain V-J 

rearrangements to attempt to create a new non-self-reactive BCR.242 After negative 

selection, cells leave the bone marrow and home to peripheral lymphoid organs, where they 

undergo further selection and become mature B cells expressing IgM and IgD at their 

surface. When naïve B cells encounter their cognate antigen, they will undergo further 

differentiation into short or long-lived plasma cells or memory B cells. Short-lived plasma 

cells secrete large quantities of antibodies, while long-lived plasma cells home to the bone 

marrow and provide a sustained production.243 Memory B cells do not secrete antibodies 

but, similarly to memory T cells, will respond quickly to future exposures. When naïve B 

cells are exposed to their cognate antigen in germinal centers, Tfh cells can interact with 

MHCII-antigen complexes on B cells through their TCR.244 Tfh provides B cells with 

costimulatory signals such as CD40L and cytokines, which are important for somatic 

hypermutation and class switch recombination.245,246 During somatic hypermutation, 
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activation-induced cytidine deaminase (AID) induces point mutations to the variable region 

of the BCR.247 B cells expressing BCRs with a higher affinity for the antigen are then 

selected. A class switch allows the B cells to produce other types of antibodies like 

Immunoglobulin G (IgG), IgA, and IgE by switching the constant region of their BCR.248 

5.2.3.4.1  Antibodies 

Antibodies are produced by activated B cells and plasma cells during immune responses, 

which have the same antigen binding domain as the BCR on the cells from which they are 

secreted. Each antibody monomer is composed of two identical heavy chains and two 

identical light chains.249 The heavy chains bind to each other, and the light chains pair each 

with a different heavy chain through disulfide bonds.250 Both the heavy and light chains 

contain a constant and a variable domain.251 The variable domains contain three loops that, 

like in the TCR, are called CDR and are responsible for the binding and specificity to their 

target antigen.252 The loops involved in the interaction are also called paratopes, and the 

target domain they recognize is called an epitope. Like in the TCR, the CDR3 is often the 

most critical loop in the paratope and corresponds to the region at the junction between V-

D and J segments, where additional random modifications are introduced during 

recombination.253 The constant domain of the light chains is shorter than that of the heavy 

chain, functions as a scaffold, and stabilizes the pairing with the heavy chains. The constant 

domain of the heavy chain is more variable, and antibodies are divided into five classes, 

IgA, IgD, IgE, IgG and IgM, based on differences in this domain. This constant domain is 

composed of CH1, CH2, and CH3 for IgA, IgD, and IgG and of CH1, CH2, CH3, and CH4 

for IgM and IgE (Fig. 9).247,254 The constant domain of the heavy chains is important for the 

role of the antibody and determines whether multiple antibodies associate together to form 

multimers. The constant region also contains a binding domain for different Fc receptors 

that cells can express.255 The Fc receptor binding domain is crucial as several 

characteristics and functions of antibodies, such as activating NK cells, phagocytic cells and 

the complement system, rely on binding to Fc receptors through this portion.256 Among the 

five classes of antibodies, IgD is primarily expressed as a receptor by naïve cells and has 

limited functions apart from activating B cells. IgM are pentameric antibodies that are 

produced first during immune responses. IgM are very potent activators of the complement 

system.257 IgA, circulating in the serum mainly as a monomer, is often secreted at mucosal 

surfaces as a dimer, which is important in the defense against external pathogens. IgGs, 

including four subclasses (IgG1, IgG2, IgG3 and IgG4) based on differences in heavy chain 

constant regions, are the most abundant antibodies in the bloodstream and extracellular 
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fluid.257 The different subclasses are all monomers and have different hinges and disulfide 

bonds that affect their flexibility, with IgG2 being the most rigid and IgG3 being the most 

flexible. IgG1 is the most abundant and binds with high affinity to FcγR. IgG2 has a lower 

affinity for FcγR compared to IgG1. IgG3 has a longer hinge and is a potent activator of the 

complement system. IgG4 binds very weakly to FcγR.258 IgEs are mostly found as 

monomers and bind to FcεR, expressed by immune cells involved in allergic reactions.  

 

Figure 9 Class switch allows B cells to express 5 different classes of antibodies: IgG, IgM, 
IgA, IgD and IgE. These classes of antibodies have different constant regions that 
differentiate them. They have different structures and different roles in the body. Adapted 
from Araki and Maeda.254 

5.2.4 Immunosurveillance 

All the immune system components collaborate to keep the body safe from external 

pathogens and dysregulated self-cells. The concept of immunosurveillance posits that these 

dysregulated cells interact with the immune system and can be eliminated, at equilibrium or 

escape (Fig. 10). In the first case, the immune system will actively eliminate the 

dysregulated cells. In the second case, it will fail to eliminate all cells but prevent their 

spreading and disease progression. In the last case, the immune cells fail, and the disease 

progresses.259 Immunotherapies are treatments that aim to tilt the balance of this interaction 

towards the elimination of the dysregulated cells by favoring the antitumoral activity of 

immune cells. 
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Figure 10 The concept of Immunosurveillance or the 3 “Es”. Elimination: the immune system 
eliminates the tumor. Equilibrium: the immune system controls the tumor without eliminating 
it. Escape: the immune system fails to control the tumor. Adapted from Alexander and 
Yang.260 

5.2.5 Tumor immunology 

Innate and adaptive immune systems are important and complementary in anti-tumor 

immunity. As explained above, cancerous cells develop from healthy cells through the 

successive accumulation of mutations. These mutations can have different results: (i) 

Mutations leading to reduced protein expression. (ii) Mutations leading to increased 

expression of a protein. (iii) Mutations leading to mutated proteins.261 (i) A reduced protein 

expression can lead to different advantages for tumor cells. Decreasing the expression of 

proteins involved in controlling cell divisions or ensuring the correct DNA replication during 

mitosis can increase the growth rate and the genomic instability of dysfunctional cells, which 

can also be advantageous. MHC I, as anticipated before, is also often downregulated. The 

reduced expression of MHC I results in reduced recognition and killing by CD8+ T cells, but 

it can also activate NK cells.262,263 (ii) The increase in protein expression that is usually not 

expressed or expressed at lower levels allows dysregulated cells to acquire advantages 

over healthy cells. Some cancer cells increase the expression of proteins such as Epidermal 

growth factor receptor (EGFR) and/or Human epidermal growth factor receptor 2 (HER2) 

that can promote their own growth and survival.264,265 HER2, EGFR and other membrane 

proteins expressed at levels higher than typically observed are called Tumor-associated 

antigens (TAAs). These  Cancer cells can also express molecules that suppress immune 

responses or modulate their immune environment, such as PD-L1, CCL22, and IL-10.266–

268 (iii) Another possible outcome of mutations is the creation of new proteins due to point 

mutations, deletions, or insertions. These new and mutated proteins can either lose or 
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acquire functions. Both cases can lead to advantages for dysregulated cells over healthy 

cells. The proteins generated in this last case are new, not encoded in the genome of the 

other healthy cells, and are called neoantigens. The adaptive immune system can target 

the TAAs and the neoantigens that arise from mutations. Both T cells and B cells can target 

these antigens. APCs can uptake these antigens and stimulate antitumoral immune 

responses that sometimes control or eliminate the mutated cells. However, as these 

proteins or similar proteins are natively encoded in the host genome, the negative selection 

steps usually eliminate immune cells expressing high-affinity receptors for these antigens, 

limiting responses.269,270 Neoantigens with major mutations have been targeted more 

successfully.271 While immune responses can control or eliminate dysregulated cells and 

stop cancer progression, mutations can lead to situations where the abnormal cells escape 

their control and cancer develops. To summarize, dysregulate cells use a combination of 

strategies, including the downregulation of MHCI, direct inhibitory signals, 

chemoattractants, immunosuppressive cytokines, and modifications to their extracellular 

space to limit immune cell activation, immune infiltration and make their environment 

immunosuppressive. 

5.2.6 Cancer immunotherapies 

Since their addition to oncologists' toolkit, immunotherapies have dramatically improved the 

prognosis for several cancers.272 These treatments exploit the human immune system to 

target and eliminate cancer cells. While some earlier immunotherapies were already 

pioneered at the end of the 19th century, a recombinant form of hIL-2 became the first FDA-

approved immunotherapy in 1992.273 As our understanding of the immune system and its 

interaction with cancer cells widened, immune checkpoint inhibitors (ICI), cancer vaccines, 

and adoptive cell therapy (ACT) joined cytokine therapies in the clinic. Cancer vaccines aim 

to elicit immune responses against TAAs, neoantigens, or viral proteins in the case of virus-

induced cancers. In the case of HPV-related cancers, the vaccine is prophylactic, but others 

are used after the disease has developed.274 Cancer vaccines rely on the ability of the 

adaptive immune system to initiate an immune response against the desired antigen 

expressed by cancer cells. Initial vaccines encountered significant hurdles in clinical trials, 

but several approaches have made it to the clinic.275,276 ACT consists of the extraction of 

immune cells and the injection of these cells back into patients following ex vivo expansion 

or modification. Several strategies have been developed, including T-cell therapy, TCR 

therapy, chimeric antigenic receptor-T (CAR-T) cell therapy, NK cell therapy, and CAR-NK 
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cell therapy (Fig. 11).277,278 T cell therapy and NK cell therapy consist of extracting cells from 

patients or donors, expanding, stimulating, and sometimes genetically modifying them 

before injecting them into patients. TCR therapy is similar but involves changing the TCR of 

extracted T cells to recognize specific antigens before injecting them back into patients. 

CAR-T and CAR-NK cell therapy introduce chimeric receptors that recognize specific 

antigens without being loaded on MHC molecules. Binding to target antigens is sufficient to 

initiate the killing of the target cell and is not dependent on other signals.279 ACT is used 

today in the clinic, but it is limited by several factors like toxicity and cost that newer 

approaches try to solve.280 Checkpoint inhibitors target inhibitory pathways of immune cells, 

aiming to reinvigorate immune responses against tumor cells. The prolonged exposure to 

antigens and the expression of inhibitory receptors such as PD-L1 and CTLA-4 by cancer 

or immunoregulatory cells can reduce immune activation and/or lead to exhausted immune 

cells. Extensive research and clinical data have shown that blocking these inhibitory 

pathways can remove the brake holding down immune responses and lead to long-lasting 

patient responses.281–285 Ipilimumab, an anti-CTLA4 antibody blocking its interaction with 

CD80/CD86, became the first ICI approved in 2011. It showed a response rate of 10-15%, 

and the responding patients would often have long-lasting responses.286 Soon after, other 

blocking anti-PD-1 and anti-PDL-1 antibodies were adopted in the clinic and demonstrated 

convincing clinical benefits in a sub-group of cancer patients.287,288 Today, drugs blocking 

the interaction of inhibitory receptors with their ligands have become the first-line treatment 

for several types of cancer.289,290 While some clinical studies have recently been stopped, 

the research in this field is still investigating other inhibitory receptors like TIGIT or TIM-3. 

Other groups are focusing on biomarkers or predictive models that can predict the response 

to each treatment more accurately.291–294 Despite being the earliest type of immunotherapy 

adopted in the clinic, cytokine therapies are still being studied extensively. A few more 

recombinant cytokines have been approved. However, their number is still quite limited 

compared to the number that entered clinical trials because of severe side effects. Much of 

the research and trials in this field now focus on exploiting these powerful signaling 

pathways but limiting their side effects by making them more specific and targeted. Because 

of their relevance to this work, IL-2 and IL-15 targeting therapies and their limitations will be 

discussed in a dedicated section. 
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Figure 11 Advances have allowed the development of many cancer immunotherapies. 
Adoptive cell transfer, immune checkpoint inhibitors, bispecific antibodies and ADCs are 
notable examples. Gupta et al.295 

5.2.7 Therapeutic Antibodies 

Antibodies have many characteristics that make their structure appealing for the design of 

drugs. Among others, antibodies are stable proteins with a relatively long half-life and a well-

defined structure with a constant scaffold and CDRs that can bind their target epitope with 

high affinity and specificity. The earliest forms of therapeutic antibodies were produced in 

animals exposed to antigens, such as serum obtained from horses exposed to diphtheria 

toxins, in a method that awarded Emi von Behring the first Nobel Prize for Medicine and 

Physiology in 1901.296 Sera extracted from animals contains a cocktail of antibodies 

produced by different B cell clones called polyclonal antibodies. These cocktails were a 

breakthrough for treating various conditions but have some limitations. The antibodies 

produced by animals differ from human antibodies and can elicit undesired immune 

responses. The polyclonal nature of the serum means there is little control over the epitope 
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and antigen targeted by antibodies in the serum, leading to considerable variability between 

batches and possible off-target binding and toxicity. Antibody technology has gradually 

advanced and transitioned to monoclonal antibodies that now dominate the market. A 

monoclonal antibody is an engineered antibody with desired specificity produced by a single 

cell clone. It has favorable inter-batch consistency and less off-target toxicity comparing to 

the polyclonal antibody drugs. Monoclonal antibodies were initially produced through 

hybridoma cells obtained by fusing a B cell with an immortalized myeloma cell.297–299 Initially, 

the technology was developed with mouse monoclonal antibodies that could cause 

undesired immune reactions in human.300 This technology was refined to make the proteins 

less immunogenic by replacing the constant region with human sequences, creating 

chimeric antibodies, and later by replacing all but CDRs with human sequences, creating 

humanized antibodies.301,302 George P. Smith and Gregory Winter were awarded the Nobel 

Prize in 2018 for their pioneering work that led to the development of phage display.301,303,304 

This technology allows for the selection of fully human antibody sequences in vitro. This 

technique fuses large libraries of diversified antibody fragments to coat proteins of 

bacteriophages. This produces large libraries of bacteriophages that express diverse 

antibody fragments at their surface. Bacteriophages with high-affinity sequences for the 

antigen can be selected over multiple rounds by incubating them with immobilized target 

antigens. The selected sequences can then be reformatted into full-length human antibodies 

or other formats. If the affinity obtained is unsatisfactory, sequences can be further 

optimized using secondary libraries introducing variations to selected binders.305 The 

sequences produced through phage display technology are then engineered into vectors 

under the control of strong promoters. These vectors are often transfected in Chinese 

hamster ovary (CHO) cells.306 The best clones of transfected CHO cells are selected to 

create stable cell lines and frozen master cell banks for stable and consistent antibody 

production. These cells can produce large quantities of antibodies in bioreactors that can 

be purified through chromatography and filtration.307 The purified antibodies produced by 

this process have revolutionized the treatment of many diseases, including cancer. The 

technology led to the development of Humira, the first fully human monoclonal therapeutic 

antibody approved by the FDA for treating rheumatoid arthritis, in 2002. Since then, other 

technologies like yeast display, mammalian display and humanized mice have been 

developed, but phage display remains the most used approach to generating monoclonal 

antibodies.308 Since its advent, many sequences identified through phage display have been 

approved.309,310 While some exceptions exist, most of the research and the molecules that 
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entered the market are reformatted in fully human IgG backbones. The high stability, long 

half-life, ease of production, and well-established effector functions of IgG over other 

classes of antibodies are why they have been the first choice of most laboratories. 

Recent advances in artificial intelligence (AI) have allowed the development of 

computational models that can guide and assist in identifying antibody sequences. In the 

future, AI models could replace phage displays, but now, they are primarily used in addition 

to experimental approaches.311 

5.2.7.1 Mechanism of action of therapeutic monoclonal antibodies 

When engineering a monoclonal antibody, its backbone, targeted epitope, and affinity are 

generally the most important characteristics that will influence its mechanism of action. As 

previously mentioned, monoclonal antibodies are often built on an IgG backbone, but the 

subclass of choice will depend on desired features. IgG1 is the most used backbone, and it 

is chosen for its long half-life and/or the affinity of its Fc portion for FcγR. IgG1 antibodies 

are usually potent activators of NK cells, phagocytosis, and the complement system.312,313 

IgG2 is rarely chosen, but its rigid structure and limited activation of the immune system 

make it an appealing option in some specific cases.314 IgG3 are potent activators of the 

complement system, but their long and flexible structure makes them relatively unstable and 

limits their applications.315 IgG4 has a long half-life without binding FcγR and activating the 

immune system. It is the second most used IgG backbone and limits inflammation compared 

to IgG1.316 The targeted epitope is the second characteristic that will guide the mechanism 

of action of antibodies. The engineered antibodies can be used to block or activate signaling 

pathways. A common strategy to block a pathway is to engineer an antibody binding with 

high affinity to a receptor or a ligand near their binding domain to block their function.317,318 

This is the primary mechanism of action of checkpoint inhibitors such as Ipilimumab, 

Pembrolizumab, Nivolumab, and Atezolizumab. These molecules engage inhibitory 

receptors (CTLA-4 for Ipilimumab and PD-1 for Pembrolizumab and Nivolumab) or their 

ligand (PD-L1 for Atezolizumab) to prevent their interaction and reinvigorate immune 

responses in cancer.281–288 Monoclonal antibodies can be tuned to activate pathways on the 

opposite side of the spectrum. Induced clustering of target receptors through cross-linking 

and stabilizing receptors in their active state are some of the possible mechanisms. For 

example, Urelumab targets and induces clustering of the co-stimulatory receptor 4-1BB, 

leading to increased proliferation, survival, and effector functions of CD8+ T cells.319 The 

affinity of antibodies is a key feature of antibodies, and for many years, the tendency was 

to achieve the highest possible affinity for any target. While this approach might still be valid 
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for blocking antibodies targeting molecules not expressed by healthy cells, the decision 

regarding the ideal affinity for agonistic antibodies is very likely more complex.320 Depending 

on the mechanism of action, aiming for more moderate affinities could prove advantageous 

in some cases. Therapeutic monoclonal antibodies are highly versatile structures that can 

be tuned and modified for different purposes. 

5.2.7.2 Evolution of monoclonal antibodies 

After the revolution brought about by monoclonal antibodies, the technology has been 

developed further. Some notable advances in the field have been the development of 

antibodies with modified Fc portions, antibody-drug conjugates (ADCs), and bispecific 

antibodies (bsAbs) (Fig. 11).321 

As already illustrated, the Fc portion is a key part of antibodies, and engaging the Fc 

receptors expressed by different cells can drive some of its functions. While the choice of 

IgG subclass offers some variety regarding the Fc receptor, further research into the 

interaction with immune cells allows us to modify this segment to fit the needs of a project.322 

Today, we can either increase the affinity for specific Fc receptors or abrogate the binding 

without compromising the structural integrity of antibodies.323 Many IgG1 today are built 

using specific mutations to their Fc portion to abrogate their binding to FcγR and avoid 

immune activation while benefitting from other advantages of the subclass.324 ADC is a 

class of molecules where two technologies join hands to benefit from each other’s strengths. 

Antibodies can be engineered to have very high affinity and specificity for surface protein, 

but while some induce signaling directly, most rely on the immune system to clear their 

target. On the other hand, small molecule drugs can be highly efficacious due to their high 

cytotoxicity on cancer cells but highly toxic due to their non-selective effects on healthy 

cells.325 ADCs deliver these powerful cytotoxic molecules to their target cells by conjugating 

them with highly specific antibodies.326 An example is Trastuzumab emtansine (Kadcyla) 

where the already FDA-approved anti-HER2 Trastuzumab in conjugated with Mertansine. 

The FDA approved this combination in 2013 as it offered survival benefits to patients 

resistant to Trastuzumab alone.327 BsAbs are another important development in monoclonal 

antibody technology. A portion of bsAbs in the human body assemble naturally in the 

extracellular space from IgG4 antibodies because of the weak interaction between their 

heavy chains.328 Several strategies have been adopted to produce bsAbs with higher 

efficiency compared to what would be possible by relying on natural assembling. Here, I will 

present the concept and evolution of CrossmAb technology and κλ-technology, the two 

strategies used in this project, but many other strategies exist. In 1983, the quadroma 
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technology was the first method to produce bsAbs.329 In this method, two hybridomas that 

produce different antibodies are fused. The fused cell would produce two heavy chains and 

two light chains that would randomly combine. This method was inefficient; on average, only 

1/16 of the antibodies produced would be the desired bsAb. In 1996, Genentech developed 

Knob-into-hole (KIH).330 This technology applies small modifications to monoclonal antibody 

sequences to produce bsAbs more efficiently than before. Vectors transfected into cells to 

produce traditional monoclonal antibodies contain the sequences for one heavy chain and 

one light chain that will be paired by themselves. KIH uses tetracistronic vectors (vectors 

designed for four genes). The innovation comes from the introduction of a bulky amino acid 

in the CH3 domain of one heavy chain (knob) and a few small amino acids in the CH3 

domain of the other heavy chain (hole) that will favor the heterodimerization of these chains. 

The vector also encodes for the light chains that will pair randomly to the heavy chain, 

bringing the efficiency to around 25% of the antibodies produced, which is the desired bsAb. 

Other mutations taking advantage of the attractive forces between positively and negatively 

charged amino acids have also been studied.331 CrossMab is a technology developed by 

Roche in 2010 and is an evolution of the KIH technology.332 CrossmAb combines the 

mutations in the CH3 region with other asymmetric mutations that will favor the correct 

pairing of light chains. This is achieved by introducing paired mutations in the CH1 domain 

of one heavy chain and complementary mutations in the constant region of the partner light 

chain that will increase their affinity for each other. On the other side, the CH1 domain of 

the heavy chain will be replaced with the constant region of the light chain and vice versa. 

At the interface between the constant and variable regions, “Elbow sequences” are flexible 

segments added to allow more freedom for the swapped domains to fold properly and 

maintain the binding specificity. The yield of CrossMab is much higher than that of older 

methods and can reach upwards of 90%. One of the downsides of Cross-mAbs is that, while 

they allow for higher yields, the mutations introduced lead to sequences not naturally found 

in human antibodies and increase the risk of immunogenicity. κλ-bodies, the other bsAb 

technology used in this project, uses a different approach to increase the yield without 

introducing mutations to minimize immunogenicity.333 This approach uses tricistronic 

vectors encoding one fixed heavy chain, one κ light chain, and a second λ light chain. The 

heavy chain is common to both arms in this format, and the light chains drive the specificity. 

Once transfected with these vectors, cells produce monoclonal antibodies and about 50% 

of κλ-bodies. These antibodies can be purified through resins specific to the different light 
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chains. Both these technologies have specific advantages, and bsAbs were successfully 

produced and purified using both technologies in this project. 

The possibility of bsAbs to engage two different epitopes has opened the doors for new 

opportunities and mechanisms. BsAbs against multiple antigens on target cells are used to 

reduce off-tumor effects.334 BsAbs targeting surface proteins on different cells can redirect 

immune cell activity. T cell engagers (TCE) bind to an antigen on target cells and a surface 

protein on T cells (often CD3 or CD28). This approach is promising and the FDA has 

approved some TCE for cancer.335,336 Bringing together different molecules allows for 

activating new pathways or inhibiting multiple ones concomitantly. Companies have 

developed monoclonal antibodies even further and merged it with other strategies or 

created molecules with a different structure, some of which can engage even more 

epitopes.337,338 

5.2.8 IL-2 targeted therapies and limitations 

Despite its early approval, Proleukin has a few downsides that limit its applications in the 

clinic. Proleukin's antitumoral activity's primary mechanism of action is the expansion and 

activation of immune cells such as CD8+ T cells and NK cells.339 The main limitations of 

Proleukin are linked to its toxicity and the relatively low percentages of responding patients, 

with objective response rates of 14% and 16% for renal cell carcinoma (RCC) and 

metastatic melanoma (MM), respectively.340,341 Proleukin has a very short half-life and is 

given over two cycles of up to 14 doses at 600’000 IU/kg 3 times daily to treat both RCC 

and MM. This regimen is very inconvenient for patients, and the high doses injected lead to 

strong systemic activation, resulting in severe toxicities and, sometimes, death.342 Patients 

undergoing Proleukin treatment can develop Vascular leak syndrome (VLS), hypotension, 

pulmonary edema, renal failure, diarrhea, and others. Another problem stems from the 

different sensitivity of different cell lines to the cytokine. Tregs, the only immune cell 

population expressing CD25 constitutively, are the most sensitive cells to IL-2.161 High 

doses can sometimes overcome the superior sensitivity, but in Treg-rich TMEs, it is not 

necessarily enough to tilt the balance. 

Over the years, laboratories have designed different strategies to safely harness the 

potential of IL-2 activation in cancer and reduce activation of Tregs. This section is not an 

exhaustive compendium of all IL-2 targeting drugs developed but aims to showcase a few 

molecules from the diverse repertoire of strategies. IL-2 targeting molecules can be divided 

between (i) molecules that engage the native receptor similarly to IL2 (unbiased IL-2 
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strategies), (ii) molecules that decrease or abrogate binding to CD25 (not-alpha strategies), 

and (iii) molecules that modify the affinity to the other IL-2R subunits. 

(i) Unbiased IL-2 strategies 

Polyethylene glycol IL-2 (PEG-IL-2). Recombinant native IL-2 was conjugated to 

several PEG molecules to increase the half-life.343 This molecule has a half-life 

10-20 times longer than Proleukin and showed promising results in mice. The 

molecule was evaluated in clinical trials but didn’t go past phase I. One trial 

showed similar toxicity to high-dose IL-2. Another trial evaluated PEG-IL-2 in 

combination with IL-2 and did not show an improvement in antitumor activity 

compared to IL2 alone.344 

APN-301 is obtained by fusing WT IL-2 at the C terminus of anti-GD2 antibodies. 

GD2 is present at the membrane of some tumor cells and is used to guide WT IL-

2 to the tumors. Phase I and II clinical trials showed similar anti-tumor activity and 

toxicity to Proleukin and suspended development.345,346 

WTX-124 consists of a WT IL-2 fused through cleavable linkers to a domain that 

prevents IL-2 engagement on its receptor and a second domain that extends its 

half-life. The linkers used are cleaved by proteases that are preferentially 

expressed within tumors.347 In mouse models, the molecule showed significant 

anti-tumor activity that was not observed with uncleavable linkers. Preclinical data 

also suggested that WTX-124 has a larger therapeutic window compared to IL-2 

and leads to a higher CD8+ T cell/Treg ratio. WTX-124 is still undergoing phase I 

clinical trials as a monotherapy and in combination with pembrolizumab. 

Preliminary data from the WTX-124 trial as monotherapy suggests a favorable 

safety profile with signs of antitumoral activity.348 

(ii) Not-alpha strategies 

Bempegaldesleukin is a recombinant IL-2 conjugated with 6 PEG chains. The 

chains are strategically placed to block binding to CD25 and reduce activation of 

Tregs. Bempegaldesleukin is injected as a prodrug with reduced activity and 

becomes fully active over time when the PEG chains are released. Preclinical 

data was very promising, and preferential activation of NK cells and CD8+ T cells 

compared to Tregs was reported.349 Early clinical trials suggested a relatively safe 

profile and hopeful signs of activity when combined with checkpoint inhibitors.350 

Controversially, in phase III clinical trials, Bempegaldesleukin did not meet 

satisfactory antitumor activity and safety profiles and was discontinued.351 
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Nevamleukin is an engineered IL-2 fused with CD25 to block binding to trimeric 

IL-2 receptors on cells and extend the half-life.352 Nevamleukin was tolerated and 

showed encouraging antitumor activity in early trials.353 It is currently in a phase 

III trial in combination with Pembrolizumab and is being compared to 

chemotherapy in platinum-resistant ovarian cancer, making it the most clinically 

advanced IL-2 targeting cancer immunotherapy.354 Encouragingly, reports from 

several of these trials also showed the expansion of NK and CD8+ T cells in 

patients.  

Roche has developed RO7284755 based on Cergutuzumab amunaleukin and 

Simlukafusp alfa, two older IL-2 targeting molecules from their portfolio.355,356 

They used the same not-alpha IL-2 variant from these molecules and fused it with 

an anti-PD-1 blocking antibody. In preclinical data, they demonstrated superior 

antitumor activity compared to their previous molecules. Their data shows that 

the PD-1 antibody drives preferential activation of memory CD8+ T cell subsets.357 

This molecule is currently in phase I clinical trial as monotherapy and combined 

with Atezolizumab.358 

(iii) CD122/CD132 biased IL-2 

MDNA11 is a mutated IL-2 with an increased affinity for CD122 and no 

engagement of CD25, and is fused to albumin to increase its half-life. Preclinical 

data showed superior CD8+ T cells and NK cell activation compared to IL-2.359 

The molecule is being evaluated in a phase I/II clinical trial that is still recruiting.360 

The strategies presented here use a variety of approaches to overcome the limitations of 

Proleukin. Most strategies manage to increase the limited half-life. To activate CD8+ T cells 

and NK cells while limiting the activation of the immunoregulatory Tregs, the most popular 

strategy adopted by laboratories is to modify the affinity of their drug for the subunits of the 

IL-2 receptor. Most drugs in this class have reduced binding affinity to CD25 as the subunit 

is constitutively expressed only by Tregs. MDNA11 adopted a different strategy and aims 

to promote antitumoral immune responses with an increased binding affinity to CD122, 

which is expressed at higher levels in CD8+ T cells.159,160,361 A few strategies are also 

attempting to limit peripheral activation. Two examples are WTX-124 and RO7284755. 

While the cleavable linkers of WTX-124 are preferentially expressed within tumors, 

molecules with cleavable linkers that have entered the clinic are known to be partially 

cleaved in the serum. RO7284755 uses an anti-PD-1 antibody to preferentially direct the 

activity of its IL-2 variant to tumor-specific T cells. This strategy can potentially reduce 
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toxicity but cannot entirely avoid the activation of peripheral cells. The data presented 

regarding many IL-2 targeting drugs is very promising, but an approach with the potential to 

overcome all the limitations of Proleukin is still missing. 

IL-2 is also being studied in combination with ACT, as its addition can extend the survival 

of the injected cells. Interestingly, pairs of mutated IL-2 and IL-2R (called orthogonal IL-2/IL-

2R) that interact with each other but not with the WT cytokine and receptor have been 

developed.362 Studies evaluate the use of these orthogonal pairs as an alternative to 

supplementing WT cytokines to reduce toxicity. One of these pairs is being evaluated for 

non-renal systemic lupus erythematosus and lupus nephritis.363 

5.2.9 IL-15 targeted therapies and limitations 

IL-15 has been an attractive cytokine for cancer immunotherapies for several reasons. Its 

importance for NK cells, CD8+ T cells, and the memory compartment of T cells, combined 

with the lack of preferential activation of the immunoregulatory Tregs observed for IL-2, 

attracted interest from multiple laboratories. The development of IL-15 targeting therapies 

is complicated as the cytokine and signaling pathway have some limitations, the main one 

being its short half-life. In 2024, N-803 was evaluated in combination with Bacillus Calmette-

Guérin (BCG) in bladder cancer and became the first approved IL-15 targeting drug.364 N-

803 results from the fusion of an IL-15Rα sushi domain with the Fc domain of an IgG1 and 

an IL-15 mutein with increased binding to CD122. The IL-15Rα sushi domain mimics cross-

presentation, and the Fc domain increases the half-life and allows dimerization. The 

superagonist is injected directly inside the bladder, which allows for avoiding toxicity. 

Clinical trials of other IL-15-targeting drugs are ongoing, and some have already been 

discontinued. While IL-15 targeting strategies are less diverse, NKTR-255 is a recombinant 

IL-15 conjugated with PEG molecules that don’t impair activity but extend the half-life. 

Preclinical data demonstrated superior antitumor activity compared to native recombinant 

IL-15.365 NKTR-255 is currently being studied in phase I and II clinical trials combined with 

checkpoint inhibitors and ACT.366 

A few other molecules are currently being studied, but most rely on similar mechanisms as 

N-803, as the majority are fusion proteins or complexes with domains or proteins mimicking 

IL-15Rα and extending the drug’s half-life. Similarly to IL-2, IL-15 is also being used in 

combination with ACT, as IL-15 can extend the survival of the injected cells.367 

Both IL-2 and IL-15 targeting drugs have demonstrated impressive activity in preclinical 

models. No IL-2 targeting therapy since the approval of Proleukin has managed to get FDA 
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approval for cancer. N-803, an IL-15 targeting superkine, was approved 2024 to treat 

bladder cancer. While both pathways have great potential to be applied to broader cancer 

applications, a method capable of harnessing their potential while overcoming their 

limitations is still missing. 
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6 Aims 

The goal of my thesis is to demonstrate that the IL-2/IL-15 pathway can be activated 

selectively within tumors through pairs of bsAbs. The thesis involves using a first bsAb that 

targets CD122 and a TAA, and a second bsAb that targets CD132 and the same or a 

different TAA. This broad goal can be divided into several more tangible aims: 

1. Engineer and produce the pairs of bsAbs: the aim is to produce pairs of bsAbs. 

Sequences of described antibodies are cloned into crossmAb backbones to create 

bispecific antibodies. Antibodies developed by phage display are combined into κλ-

bodies. Antibodies are produced and purified, and their binding is verified. 

2. Demonstrate the selective activity of pairs of bsAbs: the goal is to evaluate the 

TAA-dependent agonistic activity of pairs of bsAbs. This involves investigating the 

effect of pairs of bsAbs on IL-2/IL-15 signaling with or without TAA and their ability to 

favor the killing of TAA+ tumor cells. 

3. Evaluate the effect of bsAbs: the thesis aims to establish a relevant mouse tumor 

model to analyze the effect of pairs of bsAbs on the tumor microenvironment and 

peripheral tissues with a focus on T and NK cells.  

4. Evaluate the safety profile of pairs of bsAbs: the study aims to compare the safety 

profile of pairs of bsAbs with Proleukin in mice. The goal is to evaluate the tolerability 

of bsAbs through clinical signs and systemic signs of immune activation. 

5. Evaluate antitumor activity of pairs of bsAbs with checkpoint inhibitors: the 

thesis aims to evaluate the effect of pairs of bsAbs combined with checkpoint 

inhibitors in mice. This includes following tumor growth and dissecting the tumor 

microenvironment. 
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7 Results 

The original Manuscript for this thesis was submitted in September 2024 to the Journal for 

ImmunoTherapy of cancer (JITC). The current version of the manuscript included here was 

modified to meet the reviewers’ expectations and was resubmitted to JITC in February 2025.  

This manuscript embodies the core of my PhD thesis. I was involved in all experiments 

presented in this manuscript and had a leading role in all experiments using HER2-targeting 

bsAb pairs. I analyzed the data, created the graphs of the in vitro section of the article and 

I was involved in the analysis and in the interpretation of the rest of the article. I performed 

experiments involving primary human NK cells and bsAb combinations targeting different 

TAAs that were asked during the revision of the manuscript. I wrote the initial manuscript 

draft with Eric Hatterer and Limin Shang, with whom I also collaborated to review the 

manuscript and to write the rebuttal letter to the reviewers.  
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ABSTRACT 

Background: Owing to their roles in promoting T cell and Natural Killer (NK) cell activation and 

proliferation, interleukins-2 (IL-2) and -15 (IL-15) have been pursued as promising pathways to 

target in cancer immunotherapy. Nonetheless, their wider therapeutic application has been 

hampered by severe dose-limiting toxicities including systemic cytokine release and organ edema 

for IL-2, and inconvenient intra-tumoral administration for IL-15. To address these safety issues, 

we generated IL-2R/IL-15RxTAA (Tumor associated antigen) bispecific antibody (bsAb) pairs to 

selectively activate IL-2R signaling in the tumor microenvironment.  
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Methods: Each bsAb pair is composed of one bsAb targeting CD122 and a TAA epitope, and the 

other bsAb targeting CD132 and the same or a different TAA epitope. In vitro assays were 

performed to characterize the IL-2R/IL-15R agonistic activity of the bsAb pairs, as well as their 

capacity to enhance T-cell mediated killing of TAA+ malignant cells. Using a syngeneic mouse 

tumor model, in vivo biological activity and systemic toxicity of the bsAb pairs were assessed in 

comparison with IL-2. The in vivo anti-tumor activity was assessed in combination with an anti-

mPD-1 monoclonal antibody.  

Results: We demonstrated with two different TAAs (human epidermal growth factor receptor 2 

(HER2) and mesothelin (MSLN)) that the CD122xTAA/CD132xTAA bsAb pairs mediate effective 

activation of immune cells exclusively in the presence of TAA+ tumor cells. In syngeneic hMSLN-

MC38 tumor-bearing mice, the CD122xMSLN-1/CD132xMSLN-2 bsAb pair promotes selective 

activation and expansion of NK cells and central memory CD8+ T cells inside the tumor without 

inducing organ edema or systemic cytokine release, two well-known manifestations of IL-2 

associated toxicity. In combination with checkpoint inhibitor anti-mPD-1, the bsAb pair boosts the 

accumulation of CD8+ effector T cells and NK cells, leading to a favorable CD8+ T cell to CD4+ 

regulatory T cell (Treg) ratio for a more robust inhibition of tumor growth.  

Conclusions: Overall, the findings suggest that this innovative therapeutic approach effectively 

leverages the anti-tumor activity of IL-2 and IL-15 pathways while minimizing their associated 

systemic toxicities. This dual bsAb format holds potential for broader application in other 

immune-activating pathways. 

Key messages 

What is already known on this topic – IL-2 and IL-15 agonists have been approved as cancer 

therapies. However, their clinical application has been impeded by systemic toxicities. 
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What this study adds – We demonstrated that IL-2/IL-15R signaling can be selectively activated 

within the tumor, thereby minimizing associated systemic toxicities, by utilizing a bsAb pair 

consisting of CD122xTAA and CD132xTAA bsAbs. 

How this study might affect research, practice or policy – This strategy could pave the way for 

safer anti-tumor therapies targeting immune-activating cytokines. 

INTRODUCTION 

IL-2 and IL-15 are two closely related T cell- and NK cell-stimulating cytokines that share two 

signaling receptor subunits, IL-2/IL-15 receptor beta (IL-2Rβ, IL-15Rβ, also known as CD122) and IL-

2/IL-15 receptor gamma (the common gamma chain or CD132). Each of the two cytokines has a 

specific receptor subunit (IL-2Rα/CD25 for IL-2, IL-15Rα/CD215 for IL-15), which enhances the 

binding affinity of the cytokines to the signal transduction receptor subunits [1]. Owing to their role 

in promoting T cell and NK cell activation and proliferation, IL-2 and IL-15 have been pursued as 

promising therapeutic targets in cancer immunotherapy [2]. High dose of recombinant human IL-2 

(hIL-2/Proleukin) has been approved for the treatment of metastatic renal cell carcinoma and 

metastatic melanoma. However, severe toxic effects due to systemic activation, the most severe 

being vascular leaking syndrome (VLS), culminating in multi-organ edema and damage, have limited 

its clinical use [3,4]. Another complication with IL-2, which is not a concern for IL-15, is that high 

affinity trimeric IL-2R (comprising CD25, CD122 and CD132) is constitutively expressed on Tregs. A 

low dose of IL-2 preferentially stimulates Tregs and suppresses immune response. Thus, high dose 

of IL-2 is required to stimulate immune activation, which also increases the risk of toxicity.  

Both direct activation of high affinity IL-2 trimeric receptor on endothelial cells and natural 

killer (NK) cell-mediated cytokine release have been shown to be involved in IL-2-induced systemic 

toxicity [5,6]. To mitigate endothelial cell-mediated toxicity and Treg activation, one approach is to 
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reduce IL-2 binding to IL-2Rα, which is expressed on endothelial cells and renders them highly 

sensitive to IL-2. This so-called ”not-alpha” strategy can be achieved by different approaches [7-13]. 

However, a pegylated IL-2, NKTR-214, although achieving favorable CD8+ T cell/Treg ratio, showed 

comparable toxicity to non-modified IL-2 (Proleukin), which limited its dose escalation [3], 

suggesting that not-alpha strategy alone may not be enough to mitigate IL-2-associated toxicity in 

patients. As NK cells constitutively express only the intermediate-affinity IL-2 dimeric receptor 

composed of CD122 and CD132, efforts have been made to develop IL-2 variants with reduced 

binding to CD122 to mitigate NK-mediated toxicity. Unfortunately, one such molecule, BAY50-4798, 

showed similar toxicity profile to that of non-modified IL-2, suggesting that reducing NK cell 

activation may also not be sufficient to mitigate IL-2-associated toxicity [14].  

Considering that reducing systemic activation of endothelial cells or NK cells appears 

insufficient to mitigate IL-2-associated toxicity, further avoidance of systemic IL-2 activation may be 

required to achieve this goal. Various approaches have been explored to guide IL-2 activation 

specifically in the tumor microenvironment (TME). A potential strategy involves engineering pro-IL-

2 with an attached masking element to prevent systemic activation [15,16]. However, while 

cleavage of the mask occurs more in tumors, the cleavage has been observed in human serum, and 

cleaved IL-2 has been detected in the blood of treated mice [15,17]. IL-2-linked to a tumor targeting 

antibody is also used to guide IL-2 activation preferentially in the TME [18-20]. As the IL-2 part of 

the molecule is not masked, the molecule is still active systemically. A further development of this 

strategy is to split an IL-2-mimetic molecule into two separate fragments. Each fragment is linked 

to a separate anti-TAA antibody. Upon binding of the two IL-2-mimetic fragment-anti-TAA 

conjugates to TAA on tumor cells, the two fragments of the IL-2-mimetic will be brought into 

proximity and induce receptor activation [21]. However, the two fragments of the IL-2-mimetic 

could bind to each other in the absence of TAA and potentially cause systemic activation.  
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We present a novel strategy for selectively activating IL-2/IL-15 receptors within the TME using a 

pair of bsAbs. One bsAb has an arm that binds to CD122, while the other targets a TAA. The second 

bsAb binds to CD132 on one arm and either the same TAA-epitope or an alternate TAA-epitope 

(Figure 1A). In circulation, these bsAbs cannot activate the CD122/CD132 receptor because TAAs 

are not expressed outside the tumor. However, within the tumor, binding to the TAA brings the two 

bsAbs into proximity, allowing their CD122 and CD132 binding arms to engage receptors on tumor-

infiltrating T cells or NK cells, triggering receptor activation. Our findings from mouse models 

highlight the TME-specific activity and improved safety profile of this innovative approach.  

METHODS 

Reagents and cell lines 

The reagents and cell lines used in this study were listed in the online Supplemental Tables 1-2. 

IL-2 reporter cell assay 

Reporter cell assays were performed using HEK-Blue IL-2 and/or HEK-Blue CD122 / CD132 

following the manufacturer’s recommendation with bsAb combinations added onto 50000 reporter 

cells and 150000 TAA-coated streptavidin microspheres or 150’000 NCI-N87 cells. Absorbance at 

640 nm was acquired using a SpectraMax-i3x (Molecular Devices). 

Characterization of pSTAT5 induction  

In 96-well plates, NK-92 cells,  PBMCs or purified human NK cells were stained with Fixable 

Viability Dye eFluor 506, washed and incubated with Fc Block. NK-92 and primary human NK cells 

were stained with anti-CD45 antibody while PBMCs cells were stained with anti-CD3, -CD45, -CD4, 

-CD8, -CD14, -CD19, and-CD56 antibodies. Cells were incubated with Proleukin or with TAA-

expressing tumor cells and bsAbs at 37°C for 30 min. Cells were fixed, washed and permeabilized. 
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NK-92 and primary human NK cells were stained with an anti-pStat5 antibody while PBMCs were 

stained with an anti-pStat5 and an anti-Foxp3 antibodies (antibodies are listed in Supplemental 

Table 3). 

TDCC and ADCC assays 

1.5 million PBMCs were incubated with 1.5 million target tumor cells and a suboptimal dose 

of H4G5-Trastuzumab for 72 h in 6-well plates. PBMCs were distributed in 96-well plates with fresh 

target tumor cells (effector:target ratio 10:1) and bsAbs or Proleukin for 72 h. 200’000 isolated NK 

cells were incubated with 10’000 NCI-N87 cells overnight at 37°C in presence of 30 nM 

CD122xMSLN-1/CD132xMSLN-2 bsAb pair in 96-well plates. A suboptimal dose of Trastuzumab is 

added and plates are incubated for 6 h at 37°C. After incubation, specific killing was measured with 

CellTiter-Glo® Luminescent Cell Viability Assay following manufacturer’s recommendations (Specific 

lysis = 100-[(100xSample mean)ְ/Effector&Target mean]).  

Tumor Model in vivo 

Female hCD122 / hCD132 KI mice (Biocytogen, 6-8 weeks old) with established hMSLN-

MC38 tumors were treated in a Specific Pathogen-Free room of the animal facility with vehicle 

(PBS), Proleukin or CD122xMSLN-1/CD132xMSLN-2 bsAb pair. Proleukin was dosed 

intraperitoneally (i.p.) at 3 mg/kg daily for 5 consecutive days; bsAb combination was dosed 

intravenously (i.v.) at 10 mg/kg twice weekly for 1 week. All treated animals were included in 

analysis. To analyze the TME, tumors were harvested 5 days after treatment initiation for analysis 

by flow cytometry. Tumors, spleens and lungs were analyzed for immune cell infiltration and 

phenotype (antibodies listed in Supplemental Table 4). Separately, to evaluate tumor growth 

control, hMSLN-MC38 tumor bearing mice were treated intravenously twice weekly for 2 weeks 

with vehicle (PBS), anti-mPD-1 (5 mg/kg), CD122xMSLN-1/CD132xMSLN-2 bsAb pair (10 mg/kg) or 
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both anti-mPD-1 and bsAb combination. To analyze the TME, tumors were harvested 9 days after 

treatment started for analysis by flow cytometry. For both experiments, tumor sizes were measured 

3x/week using a caliper (Tumor volume [mm3] = Length x Width2 x 0.5 and % of Tumor growth 

inhibition (at time = t) = {1-[(mean Tumor volume (t)-mean initial tumor volume)/(mean control 

tumor volume (t)-mean initial control tumor volume)]x100). To compare the probability of survival 

between treatment groups, Kaplan-Meier survival curves were generated. Mice with tumors > 1500 

mm3 were euthanized. 

IL-2–induced Toxicity in vivo 

hCD122 / hCD132 KI mice engrafted with hMSLN-MC38 tumors, received vehicle (PBS), 

Proleukin (5 mg/kg daily i.v. for 5 days) or bsAb combination (10 mg/kg biweekly i.v. for 1 week). 

Body weight was measured 3x/week. On sacrifice day, lungs and spleens were weighed and 

processed for immune profiling via flow cytometry. TNF-α and IFN-γ levels in the serum were 

determined using MSD kits following manufacturer’s instruction. 

Human whole blood cytokine release assay 

Cytokine secretion was detected using fresh human whole blood collected from healthy 

individuals (with Heparin-Lithium). 20X concentrated test articles were added to each well of a 

sterile 96-well round bottom plate: Cetuximab (negative control, 300 nM), Proleukin (1000 nM), 

and CD122xMSLN-1/CD132xMSLN-2 bsAb pairs (300 nM each). Fresh human whole blood was 

incubated with test articles at 37°C overnight. Samples were centrifuged and plasma was 

transferred to a 96-well microplate and kept frozen (-80°C) until MSD analysis of TNF-α and IL-6 

levels.  

Tissues immune profiling via flow cytometry 



68 

 

Single cell suspensions were stained for viability, washed with staining buffer and incubated 

with purified rat anti-mouse CD16/CD32. Fluorescent-conjugated antibody mix (extracellular 

markers - Supplemental Table 4) was added to the cell suspension. For bsAb tissue distribution 

anti-human Fc were used (Supplemental Table 4). If no intracellular staining was needed, stained 

cells were washed and fixed. For intracellular staining, samples were stimulated with 

PMA/ionomycin for 4 h, washed with staining buffer, fixed and permeabilized (Supplemental Table 

4). Cells were incubated first with rat anti-mouse CD16/CD32 and, later, with antibody mix 

(intracellular staining- Supplemental Table 4). 

Statistics 

Statistical analyses were performed using GraphPad Prism Software, version 10. Differences 

between multiple groups were determined using a one-way analysis of variance (ANOVA) with 

multiple comparison test. P values are the following * = P < 0.05; ** = P < 0.01; *** = P < 0.001; 

**** = P < 0.0001. Statistical difference between survival curves was calculated using the log-rank 

(Mantel-Cox) test with the Bonferroni correction comparison. 

RESULTS 

CD122/CD132xTAA bsAb pairs induce IL-2/IL-15 signaling in reporter cells 

We hypothesize that, in the presence of TAA-expressing cells, a bsAb pair of CD122xTAA and 

CD132xTAA could bring CD122 and CD132 into proximity on immune cells and induce CD122/CD132 

dimeric receptor signaling by trans-engaging TAAs on tumor cells (Figure 1A). To this end, we 

generated bsAbs, with one arm targeting either human CD122 or human CD132 and the other arm 

targeting distinct epitopes on human HER2, referred to as HER2-1 and HER2-2 or MSLN, referred to 

as MSLN-1 and MSLN-2, using antibody arms pre-existing or generated in house with phage display 

(Supplemental Figure S1A-C). In the presence of HER2-coated microspheres to mimic HER2-
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expressing cancer cells, CD122xHER2-1/CD132xHER2-2 bsAb pair, but not an individual bsAb, 

activated IL-2/IL-15 signaling in reporter cells to a level similar to that induced by recombinant 

human IL-2 (rhIL-2) (Figure 1B). Importantly, the activation is reliant on TAA as the bsAb pair did not 

activate cells when combined with irrelevant TAA-coated microspheres (Figure 1B). IL-2R agonistic 

activity was confirmed using HER2+ NCI-N87 cells instead of HER2-coated beads (Figure 1C). The 

approach is not limited to HER2 since the CD122xMSLN-1/CD132xMSLN-2 bsAb pair, but not an 

individual bsAb, also activated reporter cells in the presence of MSLN-coated microspheres (Figure 

1D). When testing bsAb pairs targeting different MSLN epitopes, different reporter activation 

profiles were observed with bsAb pairs targeting different TAA epitope combinations (Figure 1E and 

Supplemental Figure S2A). The CD122xMSLN-1/CD132xMSLN-2 pair, with MSLN-1 arm targeting a 

membrane-proximal epitope and MSLN-2 arm targeting a membrane-distal one, showed the 

highest potential to induce reporter cell activation and thus was selected for further study. A similar 

epitope-dependent phenomenon was also observed with HER2-targeting bsAb pairs (Supplemental 

Figure S2B). We also evaluated bsAb pairs targeting the same TAA epitope and demonstrated that 

this approach can activate signaling for both MSLN- and HER2-targeting bsAbs. While there was 

some loss of potency when targeting the same epitope for MSLN, this reduction was not observed 

for HER2 (Figure 1F and Supplemental Figure S2C). Altogether, we demonstrated with two different 

TAAs that IL-2/IL-15 signaling can be activated through combinations of bsAbs that bring CD122 and 

CD132 into proximity in a TAA-dependent manner.  

CD122/CD132xTAA bsAb pairs induce STAT5 phosphorylation in NK cell line and human 

peripheral blood mononuclear cells (PBMCs)  

In a more physiologically relevant system, we tested the concept with the human NK cell 

line, NK-92 cells, in the presence of cancer cells expressing different levels of target TAAs. IL-2/IL-15 

signaling was evaluated by measuring the level of phosphorylated STAT5 (pSTAT5), a transcription 
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factor downstream of the IL-2/IL-15 R signaling. The CD122/CD132xHER2 bsAb pair induced 

substantial increase of pSTAT5 in presence of NCI-N87 cells, the tested tumor cell line with ~400k 

HER2/cell, while it induced a lower level of pSTAT5 in presence of JIMT-1 cells, a cell line with ~69k 

HER2/cell. When incubated with MC38-hHER2, an engineered cell line with ~44k HER2/cell, we 

observed only marginal levels of pSTAT5 (Figure 2A, left panel, Supplemental Table 2). The TAA-

density-dependent pSTAT5 increase was also observed with the MSLN-targeting bsAb pair, with the 

difference that the MSLN bsAb pair was more potent at inducing pSTAT5 towards cell lines 

expressing lower levels of MSLN compared to the HER2 counterparts (Figure 2A, Supplemental 

Table 2). As shown in Figure 2A, although JIMT-1 cells express a lower level of MSLN than HER2 (9k 

MSLN/cell vs 69k HER2/cell), HER2 bsAb pair and MSLN bsAb pair stimulated similar profiles of 

pSTAT5 in NK-92 when combined with this cell line. 

As T cells play a pivotal role in IL-2-mediated anti-tumor activity [22], we tested whether the 

CD122/132xMSLN bsAb pair could stimulate primary T cells from human PBMCs in the presence of 

NCI-N87 cells. In contrast to rhIL-2, which stimulated IL-2Rα-positive Tregs at lower concentrations 

than those required to stimulate IL-2Rα-negative CD8+ T cells (Figure 2B, left panel), the 

CD122xMSLN-1/CD132xMSLN-2 combination led to very similar activation of Tregs and CD8+ T cells 

(Figure 2B, right panel), as expected for a not-alpha strategy of IL-2 activation.  

CD122/CD132xTAA bsAb pairs induce TAA-dependent killing of cancer cells in vitro 

IL-2/IL-15 signaling plays a supportive role in TCR-mediated antigen-specific target cell killing 

but are not expected to induce non-activated T cells to kill tumor cells alone. To assess the 

tumoricidal potential of our bsAb pairs, we preactivated human PBMCs for 3 days using NCI-N87 

cells and H4G5xTrastuzumab, a T-cell engager that binds to CD3 and HER2. These preactivated 

PBMCs were then used to evaluate the specific killing of MSLN-expressing cancer cells, induced by 

the CD122xMSLN-1/CD132xMSLN-2 bsAb pair. As a positive control, Proleukin induced killing by 
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preactivated PBMCs of all tested cancer cell lines, including MSLN-negative MDA-MB-468 and SH-

SY5Y cells (Figure 2C & Supplemental Figure S3A-D). In contrast, the CD122xMSLN-1/CD132xMSLN-

2 bsAb pair only induced killing of the MSLN-positive cell lines, with significant killing of MSLN-high 

NCI-N87 cells (~20k MSLN/cell) as well as HPAC cells (~14k MSLN/cell), and detectable but not 

significant killing of MSLN-low JIMT-1 cells (~9k MSLN/cell) (Figure 2C & Supplemental Figure S3B-

D). Killing of MSLN-negative cells, MDA-MB-468 and SH-SY5Y, was not induced by the bsAb pair. 

Complementary experiments were also conducted using human primary NK cells.  The overnight 

incubation of NK cells with CD122xMSLN-1/CD132xMSLN-2 bsAb pair and NCI-N87 cells enhanced 

NK-mediated antibody-dependent cellular cytotoxicity (ADCC) of NCI-N87 cells induced by the Fc-

active anti-HER2 antibody Trastuzumab (Figure 2D).  The increased killing correlates with a 

detectable, although variable, increase in pSTAT5 in primary NK cells when co-cultured with MSLN-

positive NCI-N87 cells in the presence of the CD122xMSLN-1/CD132xMSLN-2 bsAb pair 

(Supplemental Figure S3E). Altogether, we showed that our bsAbs induced killing of tumor cells by 

pre-activated T cells and NK cells in a TAA-dependent manner. The reliance on signal 1 pre-

stimulation or the presence of Fc-active TAA antibody and TAA expression by target tumor cells 

supports the superior safety profile of this novel approach. 

TAA-dependent tumor engagement of CD122/CD132xTAA bsAb pairs induces robust 

accumulation and activation of tumor-infiltrating CD8+ T cells and NK cells  

To evaluate the in vivo activity of the CD122/CD132xTAA bsAb pairs, we tested the 

CD122xMSLN-1/CD132xMSLN-2 bsAb pair in a syngeneic and fully immunocompetent mouse 

model. As the targeting arms of the bsAb pair are not mouse cross-reactive (Supplemental Figure 

S1C), hCD122/hCD132 transgenic mice (Tg-mice) were engrafted subcutaneously with hMSLN-

expressing MC38 colon cancer cells (Figure 3A). Tumor immunophenotyping by flow cytometry at 

day 5 post treatment initiation showed that the CD122/CD132xMSLN bsAb pair enhanced CD45+ 
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leukocyte infiltration and significantly increased the number of infiltrating CD8+ tumor-infiltrating T 

lymphocytes (TILs) (Figure 3B, Supplemental Figure S4). A non-significant increase of CD8+ TILs was 

observed in Proleukin-treated mice (Figure 3B). The reported low expression of CD122/CD132 on 

CD4+ T cells [23] may account for the observed only marginal effect on CD4+ TILs as reported by 

other not-alpha strategies [24,25]. Importantly, while Proleukin had no effect, the bsAb pair 

drastically increased the proportion of central memory CD8+ TILs (CD44+ CD62L+) (Figure 3C) and 

enhanced significantly CD8+ TILs proliferation (measured by Ki67) (Figure 3D). However, Q-PCR 

analysis demonstrated that the bsAb pair did not increase intra-tumoral proinflammatory cytokines 

(IFN-γ, IL-6, and TNF-α) 5 days post treatment initiation (Supplemental Figure S5). The number, 

proliferation and cytotoxic potential of tumor-infiltrating NK cells were also significantly increased 

by the bsAb pair (Figure 3E). The CD122/CD132xMSLN bsAb pair did not alter the Treg population 

within the tumor or the spleen. In contrast, Proleukin decreased intra-tumoral Tregs, likely through 

their redistribution to the spleen (Supplemental Figure S6A). In another set of experiments, we 

compared two bsAb pairs with high or medium affinity for CD122 and CD132 (referred to CD122-

H/CD132-H versus CD122-M/CD132-M, Supplemental Figure S1). In vitro tests revealed greater IL-

2R agonistic potency for the high-affinity pair compared to the medium-affinity pair (Supplemental 

Figure S6B). Interestingly, the medium affinity CD122/CD132 arms increased the intra-tumoral NK 

cell infiltration more substantially compared to the higher affinity CD122/CD132 arms 

(Supplemental Figure S6C), likely due to less binding to CD122+ and/or CD132+ immune cells in 

circulation leading to better tumor infiltration by the medium affinity bsAb pair. The high and medium 

affinity bsAb pairs induced similar levels of central memory CD8+ T cells (Supplemental Figure S6D). 

As such, the next experiments were performed using the bsAb pair carrying the medium affinity 

CD122/CD132 binding arms.  
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To confirm that the CD122/CD132xMSLN bsAb pair-induced TME modulation is 

TAA-dependent, we compared it with a bsAb pair targeting an irrelevant TAA (CD122xirrel-

1/CD132xirrel-2). Flow cytometry analysis demonstrated that the CD122/CD132xMSLN bsAbs 

accumulated on the cancer cell surface (gated as CD45- cells) in hMSLN-expressing MC38 tumors of 

mice treated with CD122/CD132xMSLN bsAb pair, whereas no human antibody binding to the 

cancer cells was detected in tumors of mice treated with the CD122xirrel-1/CD132xirrel-2 bsAb pair 

(Figure 3F). As expected, CD122/CD132xMSLN bsAb pair but not CD122xirrel-1/CD132xirrel-2 bsAb 

pair increased infiltration of NK cells and T cell subpopulations into the TME (Figure 3G and 

Supplemental Figure S6E). In summary, these data demonstrate that combining CD122/CD132xTAA 

bsAbs increases the numbers of CD8+ TILs similarly to Proleukin. In contrast to Proleukin, the bsAb 

pair also increases the number of tumor-infiltrating central memory CD8+ T and NK cells as well as 

enhancing NK cell activation in a TAA-dependent manner. 

Improved safety profile of the CD122/CD132xTAA bsAb pair relative to Proleukin   

To test whether the targeted activation of immune cells with the CD122/CD132xTAA bsAb 

pairs could avoid the adverse effects associated with high-dose Proleukin, hMSLN-MC38 tumor-

bearing Tg-mice were dosed with either Proleukin or the CD122xMSLN-1/CD132xMSLN-2 bsAb pair 

and mouse body weights were monitored. After 5 consecutive daily injections of Proleukin, 

significant body weight loss was observed and mice showed reduced activity as well as piloerection. 

In contrast, mice treated with CD122/CD132xMSLN bsAb pair did not lose body weight (Figure 4A, 

supplemental Figure S7A) nor display any clinical signs of toxicity. Monitoring body weight over an 

extended period in a separate experiment did not reveal any weight loss, further supporting the 

safety profile of the bsAb pair (Supplemental Figure S7B). Proleukin treatment also increased spleen 

and lung weights (Figures 4B-C), two common manifestations of IL-2-induced organ edema. In 

contrast, no change in spleen or lung weight was observed in mice treated with the 
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CD122/CD132xMSLN bsAb pair (Figures 4B-C). Furthermore, Proleukin induced a significant 

upregulation of serum TNF-α and IFN-γ while the CD122/CD132xMSLN bsAb pair did not stimulate 

cytokine release in tumor-bearing mice (Figures 4D-E). In agreement with these observations, 

Proleukin injection resulted in increased numbers of CD45+, CD3+ and CD8+ T cells and effector CD8+ 

T cells (CD44+ CD62L-) in the lungs relative to vehicle group. Albeit to a lower level, the same cellular 

change was observed in the spleen as well. In contrast, most of these immune cell subpopulations 

were not altered by the CD122/CD132xMSLN bsAb pair treatment, with the exception of a 

significant increase of the NK cells in both lung and spleen (Supplemental Figures S8A-B), which may 

be attributed to immune cell recirculation from the tumor. The presence of soluble MSLN (sMSLN) 

detectable in the blood of tumor-engrafted mice (Supplemental Figure S9A) could be another factor 

driving the increase of NK cells in the spleen and lung of mice treated with the bsAb pair, as the 

bsAb pair mediated low level of IL-2R signaling in presence of similar sMSLN concentrations in an in 

vitro assay (Supplemental Figure S9B). Proleukin treatment reduced the number of circulating 

lymphocytes on day 5 post treatment initiation. The bsAb pair did not affect the number of 

circulating lymphocytes at either day 5 or day 9 post treatment initiation (Supplemental Figure S9C-

D).  

Additionally, we performed a human whole blood assay to assess potential cytokine release 

induction in the presence of CD122/CD132xTAA bsAb pairs. Results showed that in contrast to 

Proleukin, which significantly induced IFN-γ and IL-6 production in human blood as expected, the 

CD122/CD132xMSLN bsAb pair did not induce any cytokine production with levels of IFN-γ and IL-6 

close to those obtained with a negative control antibody (Cetuximab) or PBS (Figures 4F-G). It is 

worth mentioning that even in the presence of a large amount of sMSLN (400 nM), the 

CD122/CD132xMSLN bsAb pair didn’t upregulate any of the proinflammatory cytokines tested 
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(Supplemental Figures S9E-F). These data further corroborate our in vivo findings, where the bsAb 

pair didn’t induce cytokine release even in the presence of circulating sMSLN (Figures 4D-E).  

CD122/CD132xTAA bsAb pairs drive potent anti-tumor activity in combination with anti-PD-1  

Preclinical evidence suggests that combining IL-2 pathway activation with PD-1 checkpoint 

blockade represents a promising immunotherapy strategy [20,25-27]. To address the potential 

benefit of combining the CD122/CD132xTAA bsAb pairs and PD-1 blockade, in vivo efficacy studies 

were performed. Treatments were initiated when tumors reached a volume of 100 - 150 mm3 

(Figure 5A). As expected, anti-mPD-1 monotherapy resulted in only partial control of tumor growth. 

Although the CD122/CD132xMSLN bsAb pair alone didn’t control tumor growth, combining the 

bsAb pair with anti-mPD-1 therapy resulted in a significantly stronger inhibition of tumor growth 

compared to anti-mPD-1 alone (at day 13, tumor growth inhibition (TGI) = 45% for anti-mPD-1 alone 

vs 75% for the combination), with 2/7 animals achieving nearly complete tumor clearance (Figure 

5B and Supplemental Figure S10A). Combined treatment also led to an increased survival 

probability relative to the vehicle group (Figure 5C). Immunophenotyping of TILs at day 9 post-

treatment initiation showed that in vivo efficacy correlates with immunophenotypic changes in the 

TME. Anti-mPD-1 monotherapy or combined to CD122/CD132xMSLN bsAb pair induced a 

significant increase in tumor infiltration of CD45+ and CD8+ T cells as well as cytotoxic GZB+ CD8+ T 

cells over vehicle-treated mice (Figures 5D-F). In contrast to anti-mPD-1 monotherapy, the 

combined treatment with anti-mPD-1 and the bsAb pair resulted in a significant increase of NK, 

proliferating NK and a more favorable CD8+ T cell/Treg ratio compared to the vehicle control 

(Figures 5G-I, Supplemental Figures S10B-D). The treatments did not change the proportion of 

tumor specific CD8+ T cells in circulation or in the tumor, however, the absolute number showed a 

trend of increase in the tumor of mice from the anti-PD-1 and the combination treatment groups 

(Supplemental Figure S11). The results suggest that the combination therapy enhances tumor 



76 

 

clearance by increasing the presence of cytotoxic T cells and NK cells relative to Tregs. In summary, 

anti-mPD-1/bsAb pair combination therapy integrates immunological outcomes observed with 

anti-mPD-1 monotherapy, characterized by an increase in effector and cytotoxic T cells, with those 

observed with CD122/CD132xMSLN bsAb pair therapy, which promotes expansion of NK cells and 

central memory CD8+ T cells, resulting in a favorable TME for better tumor control. 

Distinct TAAs can be combined to further improve specificity 

TAA expression on normal cells is a common cause of toxicity in TAA targeted therapies. 

Targeting two distinct TAAs simultaneously may further restrict the beneficial effects to tumor cells 

co-expressing the two TAAs while sparing normal cells expressing only one TAA. We thus tested 

whether the bsAb pair strategy also works by combining bsAbs targeting two different TAAs (HER2 

and MSLN). First, we tested the concept with CD122xHER2-1/CD132xMSLN-2 bsAb pair using HEK 

Blue CD122/CD132 reporter cell line and microspheres co-coated with various levels of MSLN and 

HER2. Results demonstrated that reporter cells were activated by the combination of CD122xHER2-

1/CD132xMSLN-2 in a TAA density-dependent manner (Figure 6A). It was interesting to observe 

that higher TAA densities were required to support the bsAb pair targeting two distinct TAAs than 

those targeting a single TAA (Figure 6A, Supplemental Figure S12A). Next, we sought to repeat this 

compelling observation using cancer cells expressing both TAAs (NCI-N87 cells) and immune cells 

expressing the dimeric receptor (NK-92 cells). Our data showed that the bsAb pair targeting both 

HER2 and MSLN induced an increase of pSTAT5 level, although to a level slightly lower than those 

induced by bsAb pairs targeting a single TAA (Figure 6B). We also tested the concept with a cell line 

expressing lower levers of both TAAs (JIMT-1) than NCI-N87. With this cell line, the bsAb pair 

targeting both TAAs also induced detectable pSTAT5 in NK-92 cells, which was substantially lower 

than that induced by the bsAb pairs targeting a single TAA (Supplemental Figure S12B).  As expected, 

no activation was observed when using TAA-negative cancer cells (Supplemental Figure S12C).  
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DISCUSSION 

In this study, we described a strategy to restrict IL-2/IL-15 activation to TME by using a pair 

of bsAbs, with one bsAb targeting CD122 and a TAA, the other bsAb targeting CD132 and the same 

TAA or a different TAA expressed on the same tumor cell. This approach allows a broad T-cell 

activation regardless of their TCR specificity by stimulating tumor-specific and bystander infiltrating 

T cells, both of which may contribute to tumor cell killing when combining the bsAb pair with a T 

cell engager bsAb. We demonstrated with HER2 and MSLN that this strategy activates IL-2/IL-15 

signaling in a TAA-dependent manner. In contrast to Proleukin, the bsAb pair did not induce 

cytokine release in human blood nor lung edema in mouse models, confirming it as a safe strategy 

to harness IL-2/IL-15 activation inside the tumor. The strategy is likely to be expandable to other 

TAAs. 

The bsAb pair does not induce IL-2R signaling without the presence of TAA, as the two bsAbs 

are unable to bring the IL-2R subunits together in the absence of TAA-expressing cells. This is 

different from the immunocytokine strategy where an active IL-2 molecule is ligated to a tumor 

targeting antibody [18,19], which still induces systemic IL-2R activation although with preferred 

tumor accumulation. As antibodies have a much longer half-life than IL-2, the strategy also 

addresses the inconvenient dosing schedule issues facing the high-dose IL-2 therapy. In addition, 

the two bsAbs do not naturally associate with each other in the absence of TAA-expressing cells, 

they thus can be administered simultaneously in a clinical setting, which may not be possible for 

the split IL-2 strategy [21].  

When pairing bsAbs targeting different epitopes on the same TAA, bsAbs targeting certain 

epitope combinations showed higher potency than targeting other combinations. It has been 

reported that targeting a membrane proximal TAA epitope by a bsAb bridging immune cells and 
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tumor cells induced higher levels of immune cell activation than targeting a membrane distal 

epitope [28-30]. Although the activity of the bsAb pair is also affected by the TAA epitope, we did 

not see a clear correlation with the membrane proximity of the TAA epitopes, suggesting that CD45-

exclusion may not be the underlying mechanism here. As binding by CD122xCD132 bsAbs induces 

alternative dimeric receptor geometries compared to IL-2 [13], it is of interest to investigate 

whether targeting different TAAs or different TAA epitopes by our strategy also induces different 

geometries of the CD122/CD132 dimer, which is out of scope of this study.  The affinity of the 

different TAA binding arms could be another factor in addition to epitope position affecting the 

activity of the bsAb pairs.  

Treatment with CD122/CD132xMSLN bsAb pair, but not Proleukin, induced significant 

increase of central memory CD8+ T cells and NK cells in TME of an engineered mouse tumor model. 

One possible explanation to the observed difference in central memory T cells is that the weaker 

signaling induced by the bsAb pair favors memory T cell proliferation as reported previously [13,31]. 

Alternatively, the in vivo biological effects of the CD122/CD132xMSLN bsAb pair could mimic those 

of IL-15, which is well-established for a role in promoting memory T cell and NK cell proliferation 

[2]. IL-15 is usually [25,27,32] trans-presented to CD122/CD132 dimer-expressing immune cells by 

IL-15Rα-expressing cells while IL-2 engages its receptor subunits through cis-binding [2]. As such, 

the trans-presentation of IL-15 could be geometrically similar to the trans-presentation of the 

CD122/CD132xTAA bsAb pair by TAA-expressing tumor cells to CD122/CD132 dimer-expressing 

immune cells. This geometrical similarity may be one factor underlying the similar biological effects 

of the CD122/CD132xTAA bsAb pair and IL-15. Upon IL-2-induced activation, CD122 and CD132 are 

known to be internalized as a negative feedback mechanism to down-regulate signaling [33]. The 

trans-presentation mechanism may decrease the rate of CD122/CD132 internalization by ligating 

them to another cell and thus prolong signal activation induced by IL-15 and the bsAb pair, in 
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contrast to IL-2. It could be interesting to assess whether the receptor dynamics and downstream 

signaling kinetics induced by the bsAb pair are similar to those induced by IL-15 instead of IL-2 in a 

separate study. Due to technical limitations, IL-2 signaling in vivo was not measured directly with 

pSTAT5, but with surrogate readouts such as T cell and NK cell activation/proliferation in this study, 

following a common practice in the field [21,25]. Further technical innovation allowing in vivo 

pSTAT5 tracking in real time will provide more insights to this field. Cis-binding to IL-2Rα, or other 

engineered strategies to guide IL-2 signaling to antigen-specific T cells have been demonstrated 

important to the in vivo efficacy of IL-2 targeting strategies [25,27,32], which, together with the 

clinical failure of bempegaldesleukin [34], casts doubts on the validity of the non-targeted not-alpha 

IL-2 strategy. However, the clinical success and subsequent approval by FDA of N803 [35,36], an IL-

15 superagonist, suggests that mimicking IL-15 biological effects locally in the tumor, although being 

not-alpha by nature, could be a valid anti-tumor therapeutic strategy. Similar to other not-alpha 

strategies, the bsAb pair also avoids preferential activation of Tregs vs CD8+ T cells, in contrast to 

IL-2.  

In addition to inducing immune activation in TME, treatment with the CD122/CD132xMSLN 

bsAb pair also showed some signs of immune activation in mouse spleens and lungs. This could be 

due to recirculation of activated immune cells from the tumor to the circulation, or be mediated by 

sMSLN in circulation, which is reported in sera of patients with MSLN-expressing cancers [37], and 

detected in sera of the tumor-bearing mice from this study. Nonetheless, the combination of sMSLN 

up to 400 nM (more than 20-fold higher than the levels detected in the tumor model) with the 

CD122/CD132xMSLN bsAb pair does not induce cytokine release in human whole blood samples 

from healthy donors. In agreement, the CD122/CD132xMSLN bsAb pair does not induce systemic 

cytokine release and does not induce lung edema in the tested mouse tumor model, in contrast to 
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Proleukin. The results suggest that CD122/CD132xTAA bsAb pairs are safe even with soluble TAA in 

circulation. 

We demonstrated that the bsAb strategy synergizes with checkpoint inhibitors in a mouse 

model, potentially by combining the immunological effects of anti-mPD-1 monotherapy, which 

increases effector and cytotoxic T cells, with the effects of the CD122/CD132xMSLN bsAb pair 

therapy, which promotes the expansion of NK cells and memory CD8+ T cells. Our data showed that 

bsAb combination can control tumor growth only when combined with PD-1 blockade. While our 

CD122/CD132 x TAA bsAb pair activates IL2R signaling, it is less potent than WT IL-2 possibly due to 

its not-alpha nature and may be insufficient to control tumor growth on its own. The addition of 

PD-1 blockade likely enhances this effect by synergistically promoting T cell activation and 

functionality within the TME. Several other published not-alpha IL-2 variants have also shown only 

modest or no efficacy in directly controlling tumor growth, but efficacy was achieved when 

combined with additional treatment modalities [25,38]. Due to observed effects on memory T cells 

and NK cells, the strategy may also be combined with other T- and NK cell-mediated 

immunotherapies such as T/NK cell engagers, CAR T cells and anti-tumor mAbs. Combination with 

immune-stimulating strategies may be required to treat cold tumors lacking immune infiltration. 

The absence of mouse cross-reactivity of our targeting bsAbs and the usage of hCD122/hCD132 

transgenic mice are a limitation of our study. Additional safety studies will be necessary before 

advancing to clinical trials. 

Importantly, this strategy also proved effective when each bsAb in the pair targeted a 

different TAA. Since many TAAs are also expressed on healthy cells, albeit at lower levels, targeting 

two distinct TAAs with the bsAb pair could further restrict IL-2 activation to tumors co-expressing 

both TAAs, while sparing healthy cells that express only one. Looking ahead, this dual-targeting 
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approach holds significant potential to enhance the specificity and safety of IL-2-based 

immunotherapies, offering a more precise way to target tumors while minimizing off-target effects 

on healthy tissues.  

With both bsAb pairs targeting a single TAA and those targeting two distinct TAAs, we 

noticed that lower TAA densities on tumor cells than that on TAA-coated beads were required to 

activate IL-2R signaling. This could be explained by the better TAA mobility on cell membranes than 

on TAA-coated beads. In addition, we noticed that the bsAb pairs targeting two TAAs required 

higher TAA density than those targeting a single TAA, which could be due to the potential clustering 

of a single TAA to increase its local density and the possibility of engaging both bsAbs with a single 

TAA molecule.  On top of TAA density, other factors, such as the membrane distribution and 

targeted geometry of TAAs on cancer cell surface, may also influence the overall agonistic activity 

of our CD122/CD132 x TAA bsAb combination strategy. Addressing these pertinent questions would 

require additional specific experiments that fall outside the scope of the present study. We 

recognize the regulatory challenges of developing a combination of two bsAbs but believe that the 

potential clinical benefits justify pursuing this approach. 
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FIGURE LEGENDS 

Figure 1: CD122xTAA/CD132xTAA bsAb pairs induce IL-2/IL-15 signaling in reporter cells. (A) 

Schematic representation showing the combination of CD122xTAA/CD132xTAA bsAbs selectively 

activating IL-2/IL-15 signaling on immune cells in the presence of TAA-expressing tumor cells by 

targeting different TAA epitopes (panel 3) or the same TAA epitope (panel 4). (B-F) In vitro biological 

activity of CD122xTAA/CD132xTAA bsAb pairs was explored using HEK Blue CD122/CD132 reporter 

cells and TAA-coated microspheres (B, D-F) or NCI-N87 tumor cells (C). rhIL-2 and hIgG1 were used 

as positive and negative controls. (B) Reporter activity induced by a dose range of the CD122xHER2-

1/CD132xHER2-2 bsAb pair or individual bsAbs in presence of HER2-coated microspheres. (C) 

Reporter activity induced by a dose range of the CD122xHER2-1/CD132xHER2-2 bsAb pair in 

presence of HER2-expressing NCI-N87 cells. (D) Reporter activity induced by a dose range of the 

CD122xMSLN-1/CD132xMSLN-2 bsAb pair or individual bsAbs tested at the maximal concentration 

in presence of MSLN-coated microspheres. (E) Reporter activity induced by a dose range of 

CD122xMSLN-1 bsAb paired with CD132xMSLN bsAbs targeting three different MSLN epitopes 

(MSLN-2, MSLN-3 and MSLN-4). (F) Reporter activity induced by a dose range of IL-2RxMSLN bsAb 

pairs targeting either two different MSLN epitopes (CD122xMSLN-1/CD132xMSLN-2) or the same 

MSLN epitope (CD122xMSLN-1/CD132xMSLN-1 or CD122xMSLN-2/CD132xMSLN-2) with MSLN 

coated microspheres. Graphs show Mean ± SEM. 
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Figure 2: CD122xTAA/CD132xTAA bsAb pairs induce STAT5 phosphorylation (pSTAT5) in human 

NK cells and T cells and enhance T cell dependent cytotoxicity (TDCC) of tumor cells as well as NK-

mediated antibody-dependent cell-mediated cytotoxicity (ADCC) in a TAA-dependent manner. 

(A) Dose-dependent induction of pSTAT5 in NK-92 cells by CD122xHER2-1/CD132xHER2-2 (left 

panel) or CD122xMSLN-1/CD132xMSLN-2 (right panel) following incubation with cancer cells 

expressing different levels of the corresponding TAA. (B) Dose-dependent induction of pSTAT5 in 

human CD8+ T cells and Tregs by Proleukin (left panel) or CD122xMSLN-1/CD132xMSLN-2 in the 

presence of NCI-N87 cells (right panel). (C) TDCC of cancer cell lines expressing different levels of 

MSLN induced by a hIgG1 isotype control, CD122xMSLN-1/CD132xMSLN-2 or Proleukin. Specific 

killing was calculated by subtracting unspecific killing measured in control wells with PBMCs (n=4/5) 

and cancer cell lines only. Graphs show Mean ± SEM and statistical significance between groups 

was measured using one-way ANOVA for each cancer cell line independently. (D) NK cell-mediated 

ADCC of NCI-N87 cancer cells induced by overnight incubation with CD122xMSLN-1/CD132xMSLN-

2 followed by 6 h incubation with Trastuzumab. Specific killing was calculated by subtracting 

unspecific killing measured in control wells with NK cells and cancer cell lines only. Graphs show 

Mean ± SEM and statistical significance between groups was measured using paired t test. 

Figure 3: Treatment with CD122/CD132xMSLN bsAb pairs induce MSLN-dependent expansion and 

activation of intra-tumoral CD8+ T cells and NK cells. In vivo biological activity was explored in 

hCD122/hCD132 transgenic mice engrafted with hMSLN-expressing MC38 colon cancer cells. (A-E) 

Mice were treated with vehicle control (n = 5), Proleukin (i.p. 3 mg/kg for 5 consecutive days, n = 6) 

or CD122xMSLN-1/CD132xMSLN-2 bsAb pair (i.v. 10 mg/kg, twice (d0 and d3), n = 7). 

Tumor-infiltrating immune cells were assessed 5 days post treatment initiation. Shown are (B) 

absolute counts of CD45+ leukocytes, CD4+ or CD8+ T cells, (C) proportion of central memory T cells 

among CD8+ T cells, (D) Ki67 mean fluorescence intensity (MFI) of CD8+ T cells and proportion of 
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GZB+ cells among CD8+ T cells, (E) absolute count of NK cells, Ki67 MFI of NK cells and proportion of 

GZB+ cells among NK cells. (F-G) Mice were treated with vehicle control (n = 7), CD122-MxMSLN-

1/CD132-MxMSLN-2 (n = 7) or bsAb pair targeting an irrelevant TAA (CD122xirrel-1/CD132xirrel-2 

(n = 6)), twice (d0 and d3) at 10 mg/kg (i.v.) and tumors were analyzed 5 days post treatment 

initiation. Shown in the panels are (F) specific detection of human antibodies binding to MSLN-

positive tumor cells, (G) absolute numbers of intra-tumoral NK cells. Graphs show mean values ± 

SEM and statistical significance were determined using a one-way ANOVA with multiple comparison 

test. 

Figure 4: Improved safety profile of CD122/CD132xMSLN bsAb pairs in comparison to Proleukin. 

(A to E) hCD122/hCD132 transgenic mice were engrafted with hMSLN-expressing MC38 colon 

cancer cells. Mice were treated with vehicle (PBS) (n = 7), Proleukin (n = 6) or CD122 x MSLN-

1/CD132 x MSLN-2 bsAbs (n = 7). Mice were euthanized 5 days post treatment initiation. Shown in 

the panels are body weight (A), spleen weight (B), lung weight (C), serum TNF-α (D) and serum IFN-

γ (E) of the treated mice. (F-G) Induction of IFN-γ (F) and IL-6 (G) release in human whole blood (10 

healthy donors) by Cetuximab, Proleukin or CD122/CD132xMSLN bsAb pair. Graphs show mean 

values ± SEM and statistical significance between treatment groups was determined using a one-

way ANOVA with multiple comparison test.  

Figure 5: CD122/CD132xMSLN bsAb pair potently inhibits tumor growth in combination with anti-

PD1. Therapeutic efficacy was tested in hCD122/hCD132 transgenic mice engrafted with hMSLN-

expressing MC38 cancer cells. (A-C) Mice were treated with vehicle (PBS) (n = 8), CD122xMSLN-

1/CD132xMSLN-2 bsAb pair, anti-mPD-1 (n = 7) or both anti-mPD-1 (n = 6) and bsAb combination 

(n = 8). Shown are average tumor volume (B) and Kaplan-Meier survival curves (C). Arrows indicate 

dosing of antibodies. Statistical analysis was performed using the log-rank (Mantel-Cox) test with 
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Bonferroni correction comparison (*p<0.0125). (D-I) Analysis of tumor-infiltrating immune cells 9 

days post treatment initiation. Shown in the panels are absolute counts of CD45+ immune cells (D), 

CD8+ T cells (E), proportion of GZB+ cells among CD8+ T cells (F), CD8+ T cells / Tregs ratio (G), Ki67 

MFI within NK cells (H) and absolute counts of NK cells (I) in tumors of treated mice. Data are 

represented as Mean ± SEM. Statistical analysis was performed using a one-way ANOVA.  

Figure 6: BsAbs targeting different TAAs can be combined to further improve specificity. (A) 

Induction of reporter activity of HEK Blue CD122/CD132 reporter cells by a dose range of 

CD122xHER2-1/CD132xMSLN-2 bsAb pair in presence of microspheres coated with different 

quantities of both MSLN and HER2. (B) Dose-dependent induction of pSTAT5 in NK-92 cells by 

CD122xHER2-1/CD132xHER2-2, CD122xMSLN-1/CD132xMSLN-2 or CD122xHER2-1/CD132xMSLN-2 

bsAb pairs following incubation with HER2 and MSLN expressing NCI-N87 cells.  
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SUPPLEMENTAL MATERIAL 
SUPPLEMENTAL FIGURES 

 

 

Supplemental Figure S1. (A) Schematic representation of the bispecific antibodies targeting CD122 

or CD132 on one arm and HER2 or MSLN with the other arm. (B) Binding of the bsAbs was tested 

by direct ELISA using biotynilated CD122 (left), CD132 (middle), HER2 (top right) and hMSLN 

(bottom right). (C) Binding of the bsAbs on recombinant mouse CD122 (left), and mouse CD132 

(right). Binding is measured through fluorescence with Amplex Red and secondary antibodies 

conjugated with hydrogen peroxydase. Graphs show mean ± SD. 
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Supplemental Figure S2 Activity was explored using HEK Blue CD122/CD132 reporter cells and 

measured by colorimetry. (A) Activity was measured with hMSLN coated microspheres and the 

combination of CD122xMSLN-2 with bsAbs targeting CD132 and different epitopes of MSLN (MSLN-

1, MSLN-3 and MSLN-4, left panel), CD122xMSLN-3 with bsAbs targeting CD132 and different 

epitopes of MSLN (MSLN-1, MSLN-2 and MSLN-4, middle panel) or CD122xMSLN-4 with bsAbs 

targeting CD132 and different epitopes of MSLN (MSLN-1, MSLN-2 and MSLN-3, right panel). (B) 

The effect of targeting different TAA epitopes was explored using HER2 targeting bsAbs. CD122 arm 

was combined with HER2-1 and HER2-3 arms into bsAbs and CD132 arm was combined with HER2-

2 and HER-4 arms into bsAbs. These bsAbs were combined to compare the agonistic activity of the 

different possible combinations. (C) Activity was compared between combinations of bsAbs 

targeting different HER2 epitopes (CD122xHER-1/CD132xHER2-2 and CD122xHER-2/CD132xHER2-

1) or the same HER2 epitope (CD122xHER2-1 /CD132xHER2-1 and CD122xHER2-2/CD132xHER2-2) 

with HER2 coated microspheres. Graphs show Mean ± SD. 
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Supplemental Figure S3 To compare the ability of CD122xMSLN-1/CD132xMSLN-2  with an isotype 

control and proleukin to induce specific killing of tumor cells, T cell dependent cytotoxicity (TDCC) 

assays were performed. (A-D) Pre-activated human peripheral blood mononuclear cells (PBMCs) 

were incubated with SH-SY5Y (A), NCI-N87 (B), HPAC (C), and JIMT-1 (D) and under different test 

conditions. Specific killing was calculated by subtracting unspecific killing measured in control wells 

with PBMCs and cancer cell lines only. Graphs show Mean ± SD. (E) Induction of pSTAT5 in isolated 

human NK cells incubated with NCI-N87 cancer cells and CD122xMSLN-1, CD132xMSLN-2, 

CD122xMSLN-1/CD132xMSLN-2 pair and Proleukin. Data are represented as Geomean ± SEM. 
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Supplemental Figure S4 Gating strategy for flow cytometry ex vivo tissue analysis of tumor-bearing 

hCD122/hCD132 transgenic mice. Example of a gating approach to phenotype the main tumor 

infiltrating lymphocytes and NK cells. Panel of antibodies used are listed in supplementary Table 4. 
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Supplemental Figure S5. Cytokine profile in the tumor post-treatment. hCD122/hCD132 transgenic 

mice were engrafted with hMSLN-expressing MC38 colon cancer cells. Mice were treated with 

vehicle control (n = 4), Proleukin (i.p. 3 mg/kg for 5 consecutive days, n = 5) or CD122xMSLN-

1/CD132xMSLN-2 bsAb pair (i.v. 10 mg/kg, twice (d0 and d3), n = 5). mRNA were extracted from 

each tumor at day 5 post-treatment initiation. IFN-γ, IL6 and TNF-α mRNA cytokines levels were 

measured by Q-PCR and compared between treatment groups. Data are represented as mean ± 

SEM. 
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Supplemental Figure S6 (A) Proportion of CD25+FoxP3+CD4+ Tregs in the tumor (left) and the spleen 

(right) was measured 5 days after the start of treatment with Proleukin (i.p. dose of 3 mg/kg for 5 

consecutive days, 6 mice) or combined CD122xMSLN-1/CD132xMSLN-2 bsAbs (i.v. dose of 10 mg/kg 

each at day 0-3 post-treatment initiation, 7 mice). (B) IL2/IL-15 in vitro reporter activity comparing 

pairs of bsAbs carrying the high or the medium affinity CD122/CD132 binding arms. Assay was done 

by co-incubating MSLN-coated beads as a provider of the target and IL-2 reporter cell line as effector 

cells (C-D) Immune profiling of tumor infiltrating immune cells in hCD122/hCD132 transgenic mice 

engrafted with hMSLN-expressing MC38 colon cancer cells. Tumors were analyzed at day 9 post-

treatment with the combined CD122-HxMSLN-1/CD132-HxMSLN-2 versus CD122-MxMSLN-

1/CD132-MxMSLN-2 bsAbs (i.v. dose of 10 mg/kg each at day 0 and 3 post-treatment initiation, 7 

mice). Shown are (C) absolute counts of CD45+, CD8+ and NK cells, (D) proportion of central memory 

CD8+ T cells (CD44+/CD62L+). (E) In vivo activity comparison between MSLN- versus irrelevant-

targeted bsAb pairs (respectively, CD122xMSLN-1/CD132xMSLN-2 and CD122xirrel-1/CD132xirrel-

2). Shown are absolute counts of CD3+, CD8+ and proportion of central memory CD8+ T cells 
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(CD44+/CD62L+). Data are represented as mean ± SEM. Statistical analysis performed using a one-

way ANOVA with multiple comparison test. 

 

 

Supplemental Figure S7. Body weight post-treatment initiation of hCD122/hCD132 transgenic mice 

engrafted with hMSLN-expressing MC38 colon cancer cells. (A) Mean body weight post-Vehicle (i.v. 

dose of PBS at day 0-3 post treatment initiation, 7 mice), Proleukin (i.p dose of 3 mg/kg for 5 

consecutive days, grey arrows, 6 mice) or combined  CD122xMSLN-1/CD132xMSLN-2 bsAbs (i.v. 

dose of 10 mg/kg each at day 0-3 post-treatment initiation, Black arrows, 7 mice) until day 5 post 

treatment initiation. (B) Mean body weight post-Vehicle or combined CD122xMSLN-

1/CD132xMSLN-2 bsAbs (i.v. at day 0-3-7-10 post-treatment initiation). Data are represented as 

mean ± SEM.  

  



104 

 

 

 

 

Supplemental Figure S8 Immune profiling of infiltrating immune cells in (A) the spleen and (B) the 

lung of hCD122/hCD132 transgenic mice engrafted with hMSLN-expressing MC38 colon cancer 

cells. Tissue samples were analyzed by flow cytometry at day 5 post-treatment with Proleukin (i.p. 

dose of 5 mg/kg for 5 consecutive days, 6 mice) or combined CD122xMSLN-1/CD132xMSLN bsAbs 

(i.v. dose of 10 mg/kg each at day 0 and 3 post-treatment initiation, 7 mice) relative to vehicle 

control group (7 mice). For each tissue sample (spleen or lung), shown are the absolute counts of 

CD45+, CD3+, CD8+ T cells, effector CD8+ T cells (CD44+/CD62L-) and NK cells. Data are represented 

as mean ± SEM. Statistical analysis performed using a one-way ANOVA with multiple comparison 

test. 
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Supplemental Figure S9 (A) Serum soluble MSLN levels (nM) measured by MSD at different time 

points (day 5 and 9 post treatment initiation with vehicle control, 5 mice each) in hCD122/hCD132 

transgenic mice engrafted with hMSLN-expressing MC38 colon cancer cells. sMSLN was measured 

using a customized MSD sandwich format that utilizes two MSLN-specific monoclonal antibodies as 

described in supplementary material and methods. (B). HEK Blue IL2R reporter cell line were 

incubate with a dose range of sMSLN and a fixed dose of CD122/CD132xMSLN bsAbs (17.4 ug/mL). 

The grey area represents the concentration of sMSLN found in the sera of hCD122/hCD132 
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transgenic mice engrafted with hMSLN-expressing MC38 colon cancer cells at day 5 and day 9 post 

treatment initiation. (C-D) hCD122/hCD132 transgenic mice were engrafted with hMSLN-expressing 

MC38 colon cancer cells. Mice were treated with vehicle control (n = 5), Proleukin (i.p. 3 mg/kg for 

5 consecutive days, n = 6) or CD122xMSLN-1/CD132xMSLN-2 bsAb pair (i.v. 10 mg/kg, twice on d0 

and d3 post-treatment initiation, n = 6). On (C) day 5 and (D) 9 post-treatment initiation, peripheral 

blood was analyzed using the ProCyte Hematology Analyzer. (E-F) Fresh human whole blood (10 

healthy individual donors), was incubated overnight with fixed doses of Cetuximab, Proleukin, 

combined CD122/CD132xMSLN bsAbs in absence or presence of soluble human MSLN added at 400  

nM final concentration. Plasma samples were analyzed to measure levels of (E) IFN-γ and (F) IL-6. 

Graphs show mean values ± SEM and statistical significance between treatment groups were 

determined using a one-way ANOVA with multiple comparison test. 

 

 

 

Supplemental Figure S10 (A) Individual tumor growth curves post treatment initiation of 

hCD122/hCD132 transgenic mice engrafted with hMSLN-expressing MC38 colon cancer cells. (B-D) 

Flow cytometry analysis of TILs including (B) the absolute counts of effector CD8+ T cells 

(CD44+/CD62L-), (C) the percentage of effector CD8+ T cells among total CD8+ T cells and (D) 

proportion of central memory CD8+ T cells (CD44+/CD62L+). Data are represented as mean ± SEM. 

Statistical analysis performed using a one-way ANOVA with multiple comparison test. 
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Supplemental Figure S11. (A) Percentage of circulating MC38-tetramer-specific (KSPWFTTL 

tetramer) CD8+ T cells in blood, (B) percentage and absolute counts of tumor infiltrating MC38-

tetramer+ intra-tumoral CD8+ T cells in hCD122/hCD132 transgenic mice engrafted with hMSLN-

expressing MC38 colon cancer cells at day 9 post treatment initiation. Data are represented as mean 

± SEM.  
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Supplemental Figure S12 (A) HEK Blue CD122/CD132 reporter cells were incubated with 

CD122xHER2-1/CD132xHER2-2 (top panel) and CD122xMSLN-1/CD132xMSLN-2 (bottom panel) and 

microspheres coated with different quantities of MSLN, HER2 and an irrelevant protein. (B) Dose-

dependent induction of pSTAT5 in NK-92 cells by CD122xHER2-1/CD132xHER2-2, CD122xMSLN-

1/CD132xMSLN-2 or CD122xHER2-1/CD132xMSLN-2 bsAb pairs following incubation with HER2 and 

MSLN expressing JIMT-1 cells. (C) pSTAT5 levels in NK-92 cells after incubation with TAA- SH-5YSY 

cells (Supplemental table 2) and CD122xHER1/CD132xHER2-2, CD122 MSLN-1/CD132xMSLN-2 and 

CD122xHER2-1/CD132xMSLN-2. 
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SUPPLEMENTAL TABLES 
Supplemental Table 1 – List of recombinant proteins and reagents used in the current study 

Recombinant cytokines or 
Reagents 

Vendor Cat No. Usage 

Recombinant human IL-2 Peprotech 200-02 In vitro 

Recombinant human IL-15 Peprotech 200-15 In vitro 

Proleukin (Aldesleukin) Farmamondo 100009320 In vivo, in vitro 

Anti-mPD-1 (clone RMP1-
14) 

BioXCell BE0146 In vivo 

Streptavidin-coated beads Polysciences  24158-5 In vitro 

Biotinylated-hHER2 Acrobiosystems HE2-H82E2 In vitro 

Biotinylated-hMSLN 
Produced in house In vitro 

Acrobiosystems MSN-H82E9-200ug In vitro 

Quanti BlueTM Solution Invivogen rep-qbs In vitro 

BD Phosflow Fix Buffer I BD Biosciences 557870 In vitro Flow cytometry 

BD Phosflow Perm Buffer III BD Biosciences 558050 In vitro Flow cytometry 

Qifikit 
Agilent 
Technologies K007811-8 In vitro Flow cytometry 

H4G5-Trastuzumab Produced in house In vitro killing assay 

CD3 Monoclonal Antibody 
(OKT3) 

ThermoFisher 
Scientific  

16-0037-85 
In vitro killing assay 
coating 

EasySep Human NK Cell 
Isolation Kit 

StemCell 17955 In vitro ADCC 

CellTiter-Glo® Luminescent 
Cell Viability Assay 

Promega AG G9242 In vitro killing assay 

Tumor dissociation kit, 
mouse 

Miltenyi Biotec 130-096-730 Ex vivo for Flow cytometry 

Phorbol 12-myristate 13-
acetate 

Sigma-Aldrich P8139-1MG Ex vivo Flow cytometry 

Ionomycin Sigma-Aldrich I9657-1MG Ex vivo Flow cytometry 

GolgiStop Protein transport 
inhibitor 

BD Biosciences 554724 Ex vivo Flow cytometry 

MSD U-PLEX Biomarker MSD  C0065-2 Ex vivo & plasma 

Lympholyte-M Cedarlane CL5035 Ex vivo Flow cytometry 

Collagenase, Type IV Gibco 17104019 Ex vivo Flow Cytometry 
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Bovine pancreas 
Deoxyribonuclease I 
(DNAse I) 

Sigma-Aldrich DN25-1G Ex vivo Flow Cytometry 

FoxP3 Transcription Factor 
staining Buffer Set 

ThermoFisher 
Scientific 

00-5523-00 Ex vivo Flow cytometry 

Cetuximab 
Eli Lilly and 
Company 

LY2939777 Ex vivo Whole Blood 

 
 
Supplemental Table 2 – List of effector and cancer cell lines used in the current study 

Cell line 
(Vendor, cat No. ) 

Origin 
Type of 

cells 

Human 
MSLN 

density 
(SABC) 

Human 
HER2 

density 
(SABC) 

Culture Medium 

NK 92 
(DSMZ, ACC488) 

NK 
lymphoma 

Effecto
r cells 

N/A N/A 

MEM alpha medium supplemented 
with 12.5 % heat-inactivated fetal 
calf serum (FCS HI), 12.5 % heat-
inactivated horse serum (HI), 2 mM 
L-glutamine and 5 ng/mL hIL-2 

HEK-Blue IL-2  
(Invivogen, hkb-
il2) 

IL2R 
Reporter 
cells 

Effecto
r cells 

N/A N/A DMEM with 4.5 g/L glucose, 2 mM 
L-glutamine, 10% FCS HI, 25 μg/ml 
gentamycin and 100 μg/mL 
normocin and 1 μg/mL puromycin 
and 1xCLR selection  

HEK-Blue 
CD122/CD132 
(Invivogen, hkb-
il2bg) 

IL2R 
Reporter 
cells 

Effecto
r cells 

N/A N/A 

NCI-N87 
(ATCC, CRL-5822) 

gastric 
carcinoma 

Cancer 
cells 

20’103 401’376 
RPMI 1640 medium with 10 % FCS 
HI and 2 mM L-glutamine 

JIMT-1  
(ATCC, ACC589) 

breast 
carcinoma 

Cancer 
cells 

9’280 69’332 
DMEM (High Glucose) medium 
containing 10% FCS HI 

SH-SY5Y  
(ECACC, 
94030304) 

Neuro- 
blastoma  

Cancer 
cells 

0 0 

Ham's F12 and EMEM (EBSS) (1:1) 
supplemented with 2 mM L-
glutamine, 1 % non-essential 
amino acids (NEAA), and 15 % fetal 
bovine serum (FBS) 

MDA-MB-468 
(ATCC, ACC738) 

Breast 
carcinoma 

Cancer 
cells 

0 0 
L-15 Medium with 10 % FCS HI and 
2 mM L-glutamine 

HPAC   
(ATCC, CRL-2119) 

pancreas 
carcinoma 

Cancer 
cells 

14’000 4’000 

DMEM F12-HAM medium 
supplemented with 5 % FCS HI, 2 
mM L-glutamine, 15 mM HEPES, 
0.5 mM sodium pyruvate, Insulin-
Transferrin-Selenium-
Ethanolamine 1X, 40 ng/mL 
hydrocortisone, and 10 ng/mL 
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mouse epidermal growth factor 
(mEGF) 

MC38-hMSLN 
(Biocytogen, 
ZHY20121216) 

Mouse 
colon 
carcinoma 
expressing 
hMSLN 

Cancer 
cells 

100’00
0 

0 

DMEM (High Glucose) +10 % FCS HI 
+ 2 mM L-Glutamine +1mM 
pyruvate + 10mM HEPES + 1X 
NEAA 

MC38-hHER2 
(Biocytogen, 
ZJY20230115) 

 
Mouse 
colon 
carcinoma 
expressing 
hHER2 

Cancer 
cells 

0 44’000 

DMEM (High Glucose) +10 % FCS HI 
+ 2 mM L-Glutamine +1mM 
pyruvate + 10mM HEPES + 1X 
NEAA 

 
N/A: not applicable, SABC: specific antibody binding capacity 
 
Supplemental Table 3 – List of antibodies used in the current study to characterize pSTAT5 
induction via flow cytometry. 

Antibody 
Fluorochrom

e 
Vendor Cat No. Clone 

Final 
dilution 

Localization 

live dead Near-IR 
ThermoFishe
r Scientific 

L34976 N/A 1:1000  intracellular 

Fixable 
Viability 
Dye 

eFluor 506 
ThermoFishe
r Scientific 

65-0866-18 N/A 1/1000 intracellular 

Human 
BD Fc 
Block 

N/A 
BD 
Biosciences 

564220 Fc1 3 μL/test extracellular 

CD45 V500 
BD 
Biosciences 

560777 HI30 1:100 extracellular 

CD45 PE-Cy7 
BD 
Biosciences 

557748 HI30 1:100 extracellular 

CD3 AF594 Biolegend 300446 UCHT1 1:100 extracellular 

CD4 BV421 
BD 
Biosciences 

562424 RPA-T4 1:100 extracellular 

CD8 APC-Cy7 
BD 
Biosciences 

557834 SK1 1:100 extracellular 

CD14 efluor 506 
ThermoFishe
r Scientific 

69-0149-42 
 
61D3 

1:100 extracellular 

CD19 efluor 506 
ThermoFishe
r Scientific 

69-0199-42 
 
HIB19 

1:100 extracellular 

CD56 efluor 506 
ThermoFishe
r Scientific 

69-0566-42 TULY56 1:100 extracellular 

pStat5 
(pY694) 

AF488 
BD 
Biosciences 

562075 47 4 μL/test intracellular 
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Foxp3  AF647 
BD 
Biosciences 

560045 259D/C7 
10 
μL/test 

intracellular 

 
 
Supplemental Table 4 – List of reagents and antibodies used in the current study for ex vivo 
immune profiling via flow cytometry  

Antibody 
Fluorochrom

e 
Vendor Cat No. Clone 

Final 
dilution 

Localization 

Fixable 
Viability Dye 

eFluor506 eBioscience 65-0866-18 N/A 1:1000 intracellular 

Rat anti-
mouse 
CD16/CD32 
(mouse Fc 
Block) 

N/A 
BD 
Biosciences 

553142 2.4G2 1:50 extracellular 

CD45 BV421 
BD 
Biosciences 

563890 30-F11 1:100 extracellular 

CD3 AF594 BioLegend 100240 17A2 1:100 extracellular 

CD4 PerCP-Cy5.5 BioLegend 100434 GK1.5 1:100 extracellular 

CD8a APC-H7 
BD 
Biosciences 

560182 53-6.7 1:100 extracellular 

NK1.1 PE eBioscience 12.5941-83 PK136 1:100 extracellular 

NKp46 AF700 eBioscience 56-3351-82 29A1.4 1:100 extracellular 

CD44 PE-Cy7 eBioscience 25-0441-82 IM7 1:100 extracellular 

CD62L AF647 BioLegend 104421 MEL-14 1:100 extracellular 

Foxp3 PE-Cy7 eBioscience 25-5773-82 FJK-16s 1:100 intracellular 

GZB AF647 BioLegend 515406 GB11 1:100 intracellular 

Ki67 AF488 eBioscience 53-5698-82 SolA15 1:100 intracellular 

CD25 BV711 eBioscience 407-0251-82 PC61.5 1:100 extracellular 

CD4 
PerCP-
eFluor710 

eBioscience 46-0041-82 GK1.5 1:100 extracellular 

CD8a FITC 
ThermoFisher 
Scientific  

MA5-16759 KT15 1:100 extracellular 

H-2Kb ß- 
Gal 
tetramer-
DAPIYTNV 

APC MBL  TB-M501-2 N/A 1:25 extracellular 
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H-2Kb 
MuLV-p15E 
Tetramer-
KSPWFTTL 

APC MBL  TB-M507-2 N/A 1:25 extracellular 

Goat anti-
human IgG 
H+L  

AF647 
ThermoFisher 
Scientific 

A21445 N/A 1:200 extracellular 
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SUPPLEMENTAL METHODS 

Reagents and cell lines 

The reagents used in this study are included in Supplementary Table 1 and the list of detection 

antibodies are listed in Supplementary Table 3.  All effector and target cell lines were cultured at 

37°C 5% CO2 in their appropriate cell culture medium and are listed Supplementary Table 2.TAA 

expression at the surface of cancer cell lines was measured using Quantitative Analysis kits (QIFIKIT), 

following manufacturer’s recommendation (see Supplementary Table 2 for quantification data). 

PBMCs and NK cells isolation  

Buffy coats purchased from the “Centre de transfusion sanguine de Genève (CTS)”. PBMCs are 

isolated from buffy coats with SepMate™ PBMC isolation Tubes according to manufacturer’s 

recommendations. NK cells were isolated using EasySepTM Human NK Cell Isolation Kit from isolated 

PBMCs. 

CD132xTAA and CD132xTAA bispecific antibody (bsAb) engineering 

All bsAbs carried an inactive human IgG1 Fc (LALA PA mutations: L234A/L235A/P329A). We used 

two distinct technologies to generate the bsAbs: Firstly, we used phage display to produce unique 

full-length IgG in which the specificity is driven by a diversified light chain that is coupled to an 

invariant dummy heavy chain. We generated κ antibodies against CD122 and CD132 and λ 

antibodies against hMSLN and hHER2. The light chains of κ and λ antibodies were combined with 

the heavy dummy chain in proprietary tri-cistronic vectors. We transfected CHO or Expi293 cells to 

generate bsAbs without the need of additional mutations or linkers. The antibodies are purified 

through a 3-step process described by Fischer and colleagues. (Fischer N et al, 2015). Secondly, CDR 

sequences of anti-CD132 (P1A3), anti-CD122 (P2C4) and anti-hHER2 (Pertuzumab and Trastuzumab) 

were obtained from published sequences (WO 2017/021540 Al and US 2006/0275305 A1 

respectively). The CDR sequences were synthesized by Eurofins and combined in proprietary tetra-

cistronic vectors using the Knob-into-Hole (KiH), CrossMAb technologies (US 2017/0129962 A1). 

Anti-HER2 were inserted into the knob arm and anti-CD122/CD132 were inserted into the hole arm. 

Lastly, we combined the CDR of some of our κ and λ antibodies targeting CD122 and CD132 with 

the anti-HER2 arms (Trastuzumab and Pertuzumab) into CrossMab antibodies. We transfected CHO 

cells and purified KiH through a two-step process. KiH were purified using CaptureSelect™ FcXL 

Affinity Matrix and CaptureSelect™ IgG-CH1 Affinity Matrix successively and were eluted using 

glycine pH 3.0 buffer and desalted against 25 mM Histidine/125 mM NaCl pH 6.0 buffer in 50 kDa 

Amicon Ultra Centrifugal filter units. The quality of κλ-bodies and KiH was verified by SEC-HPLC, 
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electrophoresis in denaturing conditions, IsoElectric Focusing gel and by Agilent 2100 Bioanalyzer 

with the Protein 80 kit. Aggregates levels above 5 % were removed by size exclusion 

chromatography. 

Measurement of bsAbs binding to their respective targets by ELISA 

Binding specificity of all bsAbs was evaluated by direct ELISA. Streptavidin-coated 96-well plates 

were coated with 50 μL/well of 1 μg/mL biotinylated CD122, CD132, hHER2, hMSLN and an 

irrelevant protein. Binding of bsAbs to coated proteins was measured using HRP-linked goat anti-

human IgG-Fcγ and Amplex™ UltraRed Reagent. Data were acquired using a Synergy HT (Biotek) at 

the following wavelengths: excitation: 530/25, emission: 590/35. 

Streptavidin microspheres coating 

Streptavidin-coated beads were incubated with biotinylated proteins. Biotinylated-hHER2, 

biotinylated-hMSLN and an irrelevant biotinylated protein were incubated separately, to obtain 

hHER2-, hMSLN- and irrelevantly coated microspheres, or together in different ratios, to produce 

hHER2/hMSLN/irrelevant protein-coated microspheres with variable target densities. 

Flow cytometry acquisition and analysis 

All flow cytometry data acquired during this study was acquired on a CytoFLEX S V4-B2-Y4-R3 Flow 

cytometer and data was analyzed using FlowJo 10.8.1 software. 

Detection of hMSLN & hHER2 protein copy number on cell lines and microspheres 

Selected human cancer cell lines (NCI-N87, HPAC, JIMT-1, HPAC, MDA-MB-468, SH-SY5Y cells) and 

coated streptavidin microspheres were incubated with an isotype control (#0102-01) anti-human 

MSLN (#MAB32653) or anti-human HER2 antibodies (#MAB9896) and with the secondary FITC-

conjugated antibody provided with the kit. The standard beads from QIFIKIT were also stained with 

the same secondary antibody. Samples were analyzed on a CytoFLEX S V4-B2-Y4-R3 Flow cytometer 

and data were analyzed using FlowJo software. The MFI of standard beads was used to generate a 

standard curve. The MFI of stained cells and coated streptavidin microspheres were used to 

calculate the hMSLN or hHER2 copy number on cells using the standard curve and following 

manufacturer’s instruction. Values are provided as SABC (specific antigen binding capacity. 

Mouse model 

hCD122/hCD132 KI mice were purchased from Biocytogen Co., Ltd. (all on a C57BL/6 background). 

In these mice, the exons 2-8 of mouse CD122 gene that encodes the extracellular domain were 

replaced by human CD122 exons 2-8. The exons 1-8 of mouse CD132 gene that encodes the full-

coding region sequences were replaced by human CD132 exons 1-8. Phenotypic analysis of mice 
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showed that, in contrast to mCD122/mCD132, hCD122/hCD132 were detectable in all mouse T cells 

and NK cells. Furthermore, the humanization of these genes does not change the overall 

development, differentiation or distribution of immune cell types in spleen, blood and lymph node 

(Biocytogen’s data). Mice were 8–9 weeks old at the start of studies. Experiments were performed 

in accordance with the Swiss Federal Veterinary Office guidelines and approved by the Cantonal 

Veterinary Office (approved protocol: #GE319). Upon reception, mice underwent a 1-week 

acclimatation period in the laboratory environment to reduce stress and variability, particularly, 

important given that transgenic mice were important from Biocytogen Co., Ltd, and needed time to 

adjust to their new surroundings. Mice were housed in cages with soft bedding and environmental 

enrichment was provided through the inclusion of cardboard rolls to promote natural behaviors. 

Randomization was used to allocate mice to groups and based on tumor volume (tumor volume 

mean per group not statistically different). The number of animals used in each group of 

experiments was selected based on statistical power calculations to ensure sufficient sample size 

for reliable and valid results while minimizing animal use in line with ethical considerations. A 

preliminary conducted to evaluate the amplitude of tumor growth in hCD122/hCD132 Tg mice, 

which allowed for efficient assessment of tumor growth variability informing the sample size 

calculations for the main study. Animal were excluded a priori if they displayed pre-existing health 

conditions or abnormal behavioral criteria. Mice were also excluded if tumor sizes (measured using 

a caliper) were not within the predetermined range following randomization to ensure balanced 

distribution of tumor sizes across experimental groups. No mice met exclusion criteria, and 

therefore all animals were included in the final analysis. To minimize potential confounders, 

treatment groups were mixed within mice cages, ensuring that environmental factors such as cage 

location or handling did not influence the experimental outcomes. Score sheets were filled 3 times 

per week to monitor animal welfare and to implement intervention to reduce pain, suffering and 

distress (Refine and Humane endpoints). Finally, the researchers conducting the treatments and 

data collection were blinded to the group allocation, while only the study coordinator had access 

to the randomized sequence to prevent bias. A protocol (including the research question, key design 

features, and analysis plan) was not prepared before the study. 

Measurement of human soluble MSLN in the sera of hCD122/hCD132 Tg mice engrafted with 

hMSLN-expresssing MC38 colon cancer cells 

The assay is a validated biomarker MSD-based assay designed in a sequential format capable of 

detecting free human sMSLN. After the minimum required dilution, samples were added to a 
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streptavidin MSD plate previously coated with the biotinylated capture antibody. Then, Sulfo-

TAGTM-conjugated detection antibody was added, and electrochemiluminescence (ECL) was 

measured on the MSD platform following manufacturer’s recommendations.  

Ex vivo single cell suspension preparation for flow cytometry analysis 

For flow cytometry single cell suspensions from tissues were prepared. Single-cell suspension from 

spleen was prepared by mechanical digestion with the gentleMACSTM Dissociator, followed by red 

blood cell lysis using ACK buffer (Ammonium-Chloride-Potassium). Lungs were enzymatically 

digested in collagenase IV (Gibco) and DNase I (Sigma-Aldrich) for 30 min at 37°C, followed by 

mechanical digestion with the gentleMACSTM Dissociator. Tumors were processed into single-cell 

suspensions using the mouse tumor dissociation kit from Miltenyi Biotec according to the 

manufacturer’s instructions. Erythrocytes, majority of dead cells and debris were then removed 

from tumor-cell suspensions using a density separation medium (Lympholyte®-M, Cedarlane). 

Tissue-cell suspensions were filtered through a 70 μm Nylon filter (BD Falcon) and counted using a 

cell viability analyzer (Vi-CELL). 

Ex vivo flow cytometry analysis of tumor specific T cells. 

Single cell suspensions were stained for viability, washed with staining buffer and incubated with 

purified rat anti-mouse CD16/CD32. Fluorescent-conjugated antibody mix and MC38-specific 

tetramers (extracellular markers - Supplemental Table 4) were added to the cell suspension. Stained 

cells were washed and fixed. 

Ex vivo qPCR analysis of tumor tissue. 

Total RNA from tumor was extracted with the RNeasy Mini Kit (Qiagen) according to the 

manufacturer's instructions. Reverse transcription was performed by using High-Capacity cDNA 

Reverse Transcription kit (Applied Biosystems). Quantitative PCR (Q-PCR) was performed in 

triplicates using SYBR Green Master Mix (Applied Biosystems). Data were acquired and analyzed 

with LightCycler® 480 Real-Time PCR System (Roche). Sequences primers are: β-actin, forward: 

AGCCTTCCTTCTTGGGTATGG and reverse: CAACGTCACACTTCATGATGGAAT; GAPDH, forward: 

CATGGCCTTCCGTGTTCCTA and reverse: TGTCATCATACTTGGCAGGTTTCT; IFNγ, forward: 

CAACAGCAAGGCGAAAAAGG and reverse: CCTGTGGGTTGTTGACCTCAA; IL-6: forward, 

TCGGAGGCTTAATTACACATGTTC and reverse: TGCCATTGCACAACTCTTTTCT; TNFα, forward: 

GCCACCACGCTCTTCTGTCT and reverse: GGTCTGGGCCATAGAACTGATG. The relative expression 

levels were calculated as 2ˆ(Ct gene−Ct HKG) x 100 with β-actin and GAPDH RNA as the 

housekeeping gene endogenous control.  
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8 Discussion 

Cancer has cemented itself as one of the primary challenges in advancing public health. 

The increasing scientific interest in cancer therapies and the progress in our understanding 

of cancer immunology have led to the development of cancer immunotherapies and better 

patient prognosis.2 Among immunotherapies, ICI have made the most significant impact 

and are now used as first-line treatments for several cancer indications.289,290 While being 

the first to enter the clinic, cytokine therapies have seen limited use in cancer.273 IL-2 and 

IL-15 signaling are desirable targets in immunotherapies for their described effects on NK 

and CD8+ T cells. Despite its approval by the FDA, the clinical use of Proleukin, a human 

recombinant IL-2, is limited by its shortcomings including severe toxicity, short half-life, and 

preferential engagement of Tregs due to their constitutive expression of CD25. N-803, an 

engineered IL-15 targeting superkine recently approved in combination with BCG for 

treating bladder cancer,402 bypasses the effect of systemic cytokine administration through 

topical intravesical administration. This local administration strategy does not apply to many 

other cancer indications, and harnessing IL-2/IL-15 effectively while avoiding its side effects 

remains challenging. 

In this study, we presented a novel approach that uses bsAb pairs to harness IL-2/IL-15 

signaling, avoiding limitations associated with recombinant IL-2 and IL-15. The first antibody 

targets CD122 and a TAA, and the second antibody targets CD132 and the same or a 

different TAA. We used in vitro and in vivo models to show TAA-dependent IL-2/IL-15 

activation and antitumoral activity. The TAA-dependent feature of our bsAb pairs restricts 

IL-2/IL-15 activation inside the tumor and thus does not induce systemic toxicity, a hallmark 

of traditional IL-2/IL-15 therapies, which is mainly linked to the peripheral activation of 

immune cells and the release of inflammatory cytokines in the circulation. Molecules like 

WTX-214 and RO7284755 use clever strategies to focus their activity on the TME but can’t 

entirely avoid peripheral activation.358,382 The strategy closest to ours in the literature is split-

Neoleukin-2/15,388 which is based on Neuleukin-2/15, a not-alpha synthetic IL-2/15 mimetic 

investigated in phase I clinical trial but discontinued in 2023 for “strategic reasons”. split-

Neoleukin-2/15 divides Neoleukin-2/15 into two inactive parts that are fused separately to 

DARPins (small molecules engineered to bind specific targets) and can activate IL-2/15 

signaling when combined. The approach was tested in vivo, but the two parts were injected 

separately in distinct injection sites, suggesting they can combine and become active 

without binding through their DARPins. This differentiates our approach as our two bsAbs 
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do not interact with each other directly and become active only in the presence of the TAA-

expressing cell. 

Our bsAbs were constructed using cross-mAb and κλ-body technology. Both backbones 

are very close to natural human proteins and are well-tolerated in humans. We introduced 

mutations in the Fc portion of our bsAbs to abrogate their binding to FcγR and complement 

receptors but maintain neonatal Fc receptor (FcRn) binding. This strategy allowed us to take 

advantage of the long half-life of the IgG1 or IgG1-like backbones while avoiding the 

undesired activation of FcγR-expressing cells and the complement system, which may 

result in systemic immune activation. Maintaining FcRn binding is crucial to preserving their 

long half-life. FcRn receptors are expressed at the surface of various tissues and are crucial 

for the transfer and recycling of antibodies. They are involved in the transfer of antibodies 

from mother to offspring through epithelial barriers and in the clearance of IgG in the 

kidneys.406,407 FcRn prevent the degradation of antibodies by binding internalized 

antibodies, which prevents their degradation and reroutes them to the surface.408 

Pharmacokinetic (PK) studies have been performed on other molecules with cross-mAb and 

κλ-body backbones, and we expect our molecules to align with those.409,410 While we 

performed no PK studies, we showed a significant accumulation of intratumoral antibodies 

in the hCD122/hCD132 transgenic mouse model (Article Fig. 3E) 48h after the last i.v. 

injection, which is well beyond the half-life of recombinant IL-2 and IL-15. While this 

observation was encouraging, this model would not be ideal for PK or biodistribution studies. 

The first limitations are the potential immunogenicity and incompatibility of our human 

antibodies with syngeneic mouse models. Repeated injections of non-mouse antibodies 

often elicit mouse immune responses and the development of anti-drug antibodies (ADA), 

leading to toxicity and rapid drug clearance. Supporting this, we observed hunched posture 

and reduced mobility after injecting the 4th dose in our anti-mPD-1 + bsAbs experiment, 

which are typical symptoms of an immune response driven by ADA. It’s also noteworthy 

that the binding affinity of human antibodies to murine FcRn is lower and would likely lead 

to underestimating the molecule’s half-life. Another limitation is linked to the possible impact 

of the genetic mutations on the expression levels and biodistribution of the hIL-2 receptor. 

We could envisage engineering mouse surrogate antibodies to perform PK and 

biodistribution studies in tumor-bearing mice. To this end, we could use AB12 (a mMSLN 

expressing mouse mesothelioma cell line) engrafted BALB/c mice or TRAMP-C3 (a mMSLN 

expressing mouse prostate adenocarcinoma cell line) engrafted C57/BL6 mice.411 However, 

the identification and production of murine antibodies would require significant efforts. A 
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better model to study PK and biodistribution would be the cynomolgus monkey. Cynomolgus 

monkeys’ physiology and genetics are much closer to those of humans, making them a 

closer model for the human system. Human antibodies are closely homologous to 

cynomolgus monkey’s antibodies and are less likely to lead to ADA in this system. In 

addition, all antibodies used in this project cross-react with cynomolgus proteins.  

Altogether, the antibodies presented in this study are expected to have a much longer half-

life than Aldesleukin. While their half-life has not been measured, the dosing would probably 

align with the favorable schedule of other therapeutic antibodies. 

The in vitro and in vivo data presented here also support this approach's superior safety. In 

vitro, the bsAb pairs induced IL-2/IL-15 signaling and killing of tumor cells exclusively in the 

presence of their cognate TAA. In our in vivo model, TAA dependent activation of IL-2/IL-

15 signaling was observed inside the tumor. Although the bsAb pairs induced some signs 

of activity outside of tumors in the lungs, the bsAbs were well-tolerated by mice and didn’t 

impact circulating inflammatory cytokines nor their body or organ weights, in contrast to the 

severe toxicity induced by Proleukin. The extra-tumoral activity we observed is unlikely to 

be linked to the engagement of the anti-CD122/CD132 arms without binding to the TAA 

arms as the bsAb pairs targeting an irrelevant protein instead of the TAA did not induce IL-

2/IL-15 activation in the TME or in circulation (Article Fig. S5D). Rather, the impact of bsAb 

pairs on the immune infiltrates in the lung could be due to the recirculation of activated cells 

from the TME to the lung or a consequence of circulating soluble MSLN (Article Fig. S6B). 

Regardless, the presence of activated peripheral immune cells did not induce significant 

lung inflammation nor impact systemic levels of inflammatory cytokines. We could perform 

additional experiments to verify our hypotheses regarding the origin of the changes 

observed in the lungs. Multiple sheddases cleave MSLN and release it in the serum, which 

can be detected in most patients with mesothelioma.412,413 To avoid the shedding of MSLN, 

two strategies can be tried. The first consists of knocking out multiple sheddases, which 

could have other repercussions, as sheddases are involved in signaling and cell adhesion 

and their disruption has been linked to inflammation and Alzheimer’s disease.414 The 

second strategy is to make MSLN resistant to the sheddases. Sheddases seem to cleave 

MSLN in a small region close to the plasma membrane.413 A mutated version of MSLN that 

is resistant to cleavage by the most predominant sheddase has been reported.415 Other 

sheddases would still release some soluble MSLN with this MSLN variant. Engineering a 

version resistant to all sheddases could be feasible and could help understanding the 

involvement of sMSLN in peripheral activation but would require significant efforts. 



121 

 

Additionally, the mutations could impact the folding of MSLN and, consequently, the binding 

of our antibody pairs. We could also replace MSLN with a different TAA that is not shed at 

the same level. Since we already have bsAbs for HER2, we tried but could not establish an 

in vivo model due to insufficient HER2 expression on the available engineered human HER2 

expressing MC38 mouse tumor cell line. 

Using the transgenic hCD122 / hCD132 mouse model, we showed that our pairs of bsAbs 

induce proliferation and activation of memory CD8+ T cells and NK cells inside TAA-

expressing tumors (Fig. 3 B, D). This is different from high doses of Proleukin, where 

treatment leads to the activation and proliferation of effector CD8+ T cells and NK cells.219 

Our observations are more aligned with not-alpha IL-2 strategies and IL-15 activation, which 

are less potent activators of IL-2 signaling and favor proliferation and activation of memory 

CD8+ T cells and NK cells.377 In consistent with the in vivo observations, we showed that 

our bsAb pairs induce lower levels of pSTAT5 in PBMCs than Proleukin (Fig. 2B). 

Interestingly, Roche’s IL-2 receptor β- and γ-chain (IL-2Rβγ)-biased agonist fused to anti-

PD-1 (RO7284755) induces the differentiation of PD-1+TCF-1+ stem-like CD8+ T cells, 

which they call better effector CD8+ T cells.392,394 In future experiments, we could test 

whether the combination of our bsAbs with anti-mPD-1 leads to CD8+ T cells with a similar 

phenotype, which might be involved in the tumor growth inhibition we observed. IL-15 

signaling favors the proliferation of memory T and NK cells.416 Our bsAb pairs engage 

CD122 and CD132 with one arm and a TAA with their other arm, which could mimic the 

trans-presentation of IL-15 by CD215-expressing cells. Presentation of CD215-bound IL-15 

is usually accompanied by complementary signals, like DC-derived type III interferons or IL-

12, that will be mostly missing with bsAbs binding to TAAs. Additionally, while trans-

presentation of CD215-IL-15 complexes is important, IL-15 can still engage dimeric 

CD122/CD132 receptors in cis, which our pairs of bsAbs can’t do. It is unlikely that our 

bsAbs could replace IL-15 cross-presentation, but the effects on the TME are similar. The 

ability of our bsAbs to bind immune cells and tumor cells simultaneously also resembles the 

mechanism of TCE. While our approach does not mediate CD3/TCR signaling, our bsAb 

pairs could retain immune cells near TAA+ cells and favor their elimination. So far, in vitro, 

we have focused on reporter cells, pSTAT5 quantification, and killing of target cells as a 

proxy for IL-2/IL-15 signaling. To better understand the signaling induced by our bsAb pairs, 

we could measure the contribution of PI3K/AKT and MAPK/ERK. Several techniques could 

be used, but a phosphoproteomic approach would be well-adapted.417 Knocking out specific 

downstream factors or kinome profiling that are known to be predominantly crucial for one 
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of the two cytokines would also be informative. Furthermore, future pSTAT5 experiments 

should take into account the signal duration and dynamics. When IL-2 binds to its receptor, 

the complex is internalized to avoid prolonged signaling in the absence of new IL-2.418 It is 

possible that the simultaneous binding of the receptor and a protein on a different cell by 

our bsAb pairs modifies the rate of internalization of the IL-2 receptor and changes the 

signaling dynamics. We could compare pSTAT5 dynamics among our bsAb pairs, IL-2, and 

IL-15 in future experiments. Including bsAb pairs with a range of affinities both on the TAA 

and the CD122/CD132 arms could guide further development of this strategy.  

Targeting membrane-proximal epitopes is advantageous for single bsAbs that trans-engage 

two individual cells.419 The trans-engagement of our bsAbs on target cells and IL-2R 

expressing cells suggests that  the position of the targeted epitopes on the TAA or IL-2Rs 

may also affect the activity of the bsAb pairs. Our study demonstrated that the potency of 

the bsAb pairs varied depending on the epitopes targeted. However, we have not identified 

the general rules underlying these differences (Fig.1D). We observed that HER2-targeting 

BsAb pairs are more potent when CD122 is associated with a more membrane-proximal 

epitope of HER2 compared to that associated with CD132. The opposite is observed for the 

MSLN-targeting pairs. We hypothesize that the agonistic potential of the pairs may depend 

on geometrical factors, where distance and orientation could play a significant role. Some 

combinations may lead to incompatible distances or angles, making it hard for the two 

antibodies to co-engage. Other than the capacity to stimulate IL-2R signaling, specific 

biological properties of each TAA also need to be considered when choosing the target 

epitope on TAAs. As an example, HER2 is known to form homodimers and heterodimers, 

which stimulate the proliferation of tumor cells. Pertuzumab, but not Trastuzumab, was 

shown to block HER2:HER3 heterodimerization, which could provide the approach with an 

additional mechanism of action.420 

While engineering our bsAbs, we developed arms targeting different epitopes for CD122, 

CD132 or the TAAs with different affinities. Our in vitro data guided us to choose two bsAb 

pairs among the possible IL-2RxMSLN combinations, with different affinities for CD122 and 

CD132, for further in vivo testing. In both pairs, the anti-CD122 arm was combined with an 

arm targeting a proximal MSLN epitope (dissociation constant=KD=22 nM), and the anti-

CD132 arm was combined with an arm targeting a distal MSLN epitope (KD=0.48 nM). In 

initial in vivo experiments, we observed that the two pairs had similar effects on the TME. 

Therefore, we continued with the pair with a lower affinity for CD122 and CD132 for the 

remaining experiments. We hypothesized that using lower affinity sequences for CD122 and 
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CD132 would reduce the number of antibodies retained in the periphery by IL-2R expressing 

cells and favor intratumoral accumulation via the higher affinity anti-MSLN arms. 

Furthermore, having moderate affinities for CD122 and CD132 could be beneficial for 

activating IL-2/IL-15 signaling. Unlike blocking antibodies, where higher affinity is often 

associated with increased activity, evidence suggests that agonistic antibodies aimed at 

activating receptor signaling can benefit from lower affinities.421 As the ideal affinity is likely 

to change depending on the targeted epitope, we could engineer variants of our sequences 

with different affinities to compare head to head. A structure-guided mutational approach 

could be used to make sure the target epitope does not change. Alternatively, optimization 

and de-optimization campaigns could be performed starting from one of our initial 

sequences, followed by molecular modeling to ensure the target epitope remains unaltered. 

The KD, i.e., the off-rate constant (KOFF) divided by the on-rate constant (KON), quantifies the 

speed of dissociation and association of a complex and is most often used as the 

quantification parameter for the affinity of antibodies. We hypothesize that both KOFF and 

KON are important for molecules aimed at modulating signaling activity and considering them 

separately from each other could further inform insightful decisions in antibody engineering. 

For example, a sequence with slow association and slow dissociation could have the same 

KD as a different sequence with faster association and dissociation. Despite having the 

same KD, we think the two antibodies could have significantly different effects on signaling 

activation and dynamics.  

This study demonstrated that this novel approach could activate IL-2/IL-15 signaling by 

bringing them together through two different TAAs, HER2 and MSLN. In initial experiments, 

we targeted CD122, CD132, and HER2 for various reasons. IL-2 and IL-15 are well known 

to activate cells involved in antitumor immune responses, and harnessing IL-2 signaling 

safely has been a major challenge for many years. Many tools like reporter cells and 

recombinant proteins are available. Additionally, antibody sequences had been published 

for CD122, CD132, and several HER2 epitopes and could be combined through CrossmAb 

technology. This approach allowed us to validate the concept quickly and extend it to κλ-

bodies and MSLN. Many signaling pathways initiate signaling cascades after their receptor 

subunits form a multimer. We think that our approach may not be limited to CD122 and 

CD132 combinations with HER2 and MSLN but can be applied to many others. The safety 

and TAA selectivity we demonstrated make bsAb pairs well-versed in targeting pathways 

limited by their toxicity. For example, IL-12 has been an attractive target in cancer 

immunotherapies, but no FDA-approved IL-12 targeting immunotherapy exists due to 
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severe systemic toxicities associated with T and NK cell activation.422 As IL-12 receptor (IL-

12R) comprises two subunits, IL-12Rβ1 and IL-12Rβ2, it could potentially also be targeted 

and activated in a TAA-dependent manner through bsAb pairs. Another development of our 

approach that has not been investigated so far is using bsAb pairs that target subunits of 

different receptors. A study has demonstrated using bispecific antibodies composed of small 

antibody domains targeting two receptor subunits of different receptors that non-natural 

heterodimeric receptors, like IL-2Rβ-IL-10Rβ, can transduce signaling in target cells.423 This 

possibility opens up even more possible strategies for bsAb pairs. 

We demonstrated the agonistic potential of bsAb pairs where the first antibody targets HER2 

and the second targets MSLN (Fig. 6, S9). In this case, signaling is activated only with target 

cells expressing both TAAs. Targeting multiple TAAs can further improve the specificity of 

our bsAb pairs. Some TAAs are marginally expressed by healthy cells, but it is unlikely that 

healthy cells will express more than one. The two-TAA bsAb pairs thus selectively target 

tumor cells co-expressing both TAAs while sparing healthy cells expressing only one of 

them. A different possible development of this approach could be to target a cytokine 

receptor, and a protein co-expressed on the same cell (in cis). This approach would likely 

increase peripheral activation but offers an alternative in projects where peripheral 

activation is less concerning. Similarly to RO7284755, anti-PD-1 blocking arms could be 

combined with IL-2R targeting arms to favor the activation of antigen-experienced immune 

cells.424 

Finally, the great success of ICI and increasing evidence that IL-2 activation synergizes with 

anti-PD-1 treatment convinced us to combine our bsAb pairs with anti-mPD-1 antibody 

administration. We could show that the reduction in tumor burden in mice treated with the 

combination is associated with an immune infiltration profile different from that associated 

with either the bsAb pair or the anti-mPD-1 alone. For example, we observed a CD8+/Treg 

ratio similar to the bsAb pair alone, but the percentage of gnzmB+ CD8+ T cells was closer 

to what we observed with anti-mPD-1 alone (Fig. 5 E-F). In addition to ICI, we believe our 

approach could also be partnered successfully with other therapeutic approaches, such as 

cancer vaccines and ACT. Cancer vaccines have been shown to remodel the TME and 

increase immune cell infiltration. A study has shown that Ad-carcinoembryonic antigen (Ad-

CEA), a vaccine targeting CEA, fails to control tumor growth alone but induces significant 

changes in the TME, including an increase of the infiltration of CD8+, gnzmB+ CD8+ T cells 

and higher CD8+/Treg ratios.425 Considering that we observed similar results with our bsAb 

pairs and that vaccines inherently boost the pool of antigen-specific T cells, we believe that 
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combining the two strategies could be beneficial. ACT comprises T cell therapy, NK cell 

therapy, CAR T cell therapy, and CAR NK cell therapy.426 As we demonstrated significant 

effects both on CD8+ and NK cells and ACT is often combined with injections of IL-2 and IL-

15 to support the maintenance of the injected cells, we believe the two strategies would be 

natural partners.427 
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9 Conclusion 

In this thesis, we have developed a novel immunotherapeutic strategy. By demonstrating 

the tumor-selective IL-2/IL-15 activation of immune cells and the favorable safety profile of 

pairs of bsAbs, this thesis illustrates an approach that overcomes the limitations of cytokine 

therapies. Importantly, we did not observe any worrying clinical signs of toxicity and 

circulating inflammatory cytokines remained unchanged after bsAb treatment of mice. We 

believe that the reduction in tumor growth accompanied by the proliferation and activation 

of memory CD8+ T and NK cells supports the applicability of the approach and warrants 

further studies. Altogether, this thesis demonstrates a new approach to activate IL-2/IL-15 

signaling that could serve as an example for a new generation of cytokine-targeting 

therapies capable of circumventing toxicity and improving patients’ quality of life. 
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11 Appendices 

11.1 Appendix 1:  

Composition and methods for the selective activation of cytokine signaling pathways 

Patent filed internationally (PCT/EP2023/051721), January 2023 

The patent protects the approach and illustrates the concept of paired bispecific antibodies. 

I was involved in most of the laboratory experiments presented here. While the final 

formatting and writing was done by attorneys, I was involved in the writing of the patent and 

presentation of the data. 
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11.2 Appendix 2:  

IFN-γ-dependent tumor-antigen cross-presentation by lymphatic endothelial cells 

promotes their killing by T cells and inhibits metastasis 

Published in Science Advances, June 2022 

This paper publishes a study on which I have worked during my Master thesis. This study 

investigates the interaction between T cells and Lymphatic endothelial cells. This study 

illustrates the importance of IFN-γ for cytotoxic cell-mediated killing of lymphatic endothelial 

cells and the effect on metastasis development. In this study I was involved in the 

experiments performed and the discussions regarding the project while I was in the lab. 

During that time, we performed flow cytometry analysis of mouse tumors and lymphoid 

tissues, live cell imaging, and qPCR. 
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11.3 Appendix 3:  

Lymphatic-derived oxysterols promote antitumor immunity and response to 

immunotherapy in melanoma 

Published in Nature Communications, January 2025 

This paper publishes a study on which I have worked during my Master thesis. This study 

investigates the importance of Lymphatic endothelial cells’ derived 25-hydroxycholesterol 

and shows its involvement in promoting the pro-inflammatory phenotype of myeloid cells. In 

this study I helped with some of the in vivo experiments and participated in some of the 

discussions during the time I spent in Prof. Hugues’ laboratory. 
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