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Abstract 

Cancer cells can evade immune system surveillance by creating an immunosuppressive 

microenvironment and by expressing inhibitory molecules, such as PD-L1 and CD47. The latter is an innate 

immune checkpoint and a marker of “self” expressed by virtually all cells. Upon its interaction with SIRPα, 

CD47 protects cells from destruction by innate immune phagocytes, a mechanism that is hijacked by many 

cancers. In pre-clinical studies, anti-CD47 monoclonal antibodies (mAbs) promoted tumor elimination by 

increasing phagocytosis of tumor cells and by enhancing antigen cross presentation, thus providing a 

strong rationale for CD47 targeting in the clinic. A large number of anti-CD47 mAbs and SIRPα-Fc fusion 

proteins are now being tested in clinical trials. Notwithstanding, monospecific CD47 targeting suffers from 

important limitations, such as poor pharmacokinetics and hematotoxicity related to the ubiquitous 

expression of CD47, including on platelets and on red blood cells (the so called “CD47 antigen sink”). CD47-

targeting with bispecific antibodies represents an alternative and safer approach, allowing to mitigate the 

“antigen sink” issues, since CD47 targeting can be restricted to defined cell populations.  

In my PhD thesis work, I investigated the anti-tumor efficacy, the pharmacokinetics, and the 

mechanism of action of CD47|PD-L1 bsAbs in the context of different Fc portions (either active or silenced 

Fc). As expected, the bsAbs efficiently blocked the PD-1/PD-L1 and CD47/SIRPα interactions on double 

positive cells and showed minimal binding to PD-L1 negative cells, such as red blood cells. In vivo, these 

bsAbs showed a modest effect on tumor growth in the MC38 syngeneic model, but no difference in anti-

tumor efficacy was apparent when comparing a bsAb with an active Fc with its silenced Fc counterpart. 

However, Fc silencing significantly improved the pharmacokinetics of the CD47|PD-L1 bsAb, confirming 

the notion that FcgR binding may contribute to antibody elimination, probably by exaggerating the TMDD 

(target-mediated drug disposition) rate. Finally, I also performed an analysis of the tumor 

microenvironment and showed that the bsAb treatment enhanced both the innate and the adaptive 

immune responses, as demonstrated by an increase in M1-like macrophages and CD8+ T cell infiltration.  
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Résumé 

Les cellules cancéreuses peuvent échapper à la surveillance du système immunitaire en créant un 

microenvironnement immunosuppresseur via l’expression de molécules inhibitrices, telles que PD-L1 et 

CD47. Ce dernier est un point de contrôle immunitaire inné et un marqueur du « soi » exprimé par 

pratiquement toutes les cellules. Lors de son interaction avec SIRPα, CD47 protège les cellules de la 

destruction par les phagocytes ; ce mécanisme est détourné par de nombreux cancers qui peuvent 

surexprimer CD47. Les anticorps monoclonaux anti-CD47 (mAbs) ont favorisé l'élimination de tumeurs sur 

des modèles souris, en augmentant la phagocytose des cellules tumorales et en améliorant la 

présentation croisée d’antigènes exogènes aux lymphocytes T, motivant des études cliniques. Un grand 

nombre de mAbs anti-CD47 et de protéines de fusion SIRPα-Fc sont actuellement investiguées dans les 

cancers solides et les hémopathies malignes. Néanmoins, le ciblage de CD47 avec ce type d’approche 

présente des limites : i) un profil pharmacocinétique peu satisfaisant et ii) une hématotoxicité, liés à 

l'expression de CD47 par les globules rouges (jouant le rôle de « puits d'antigène » CD47) et les plaquettes.  

L’utilisation d’anticorps bispécifiques (bsAbs) d’affinités optimisées représente une alternative attractive 

pour favoriser le ciblage de CD47 sur les cellules tumorales, en atténuant la liaison aux globules rouges.  

Dans mon travail de thèse de doctorat, j'ai étudié l'efficacité anti-tumorale, la pharmacocinétique 

et le mécanisme d'action de bsAbs CD47|PD-L1 possédant différentes parties Fc (capables de se lier ou 

non aux récepteurs Fc). Les bsAbs bloquent efficacement les interactions PD-1/PD-L1 et CD47/SIRPα sur 

des cellules tumorales exprimant CD47 et PD-L1 et présentent une faible liaison aux cellules négatives 

pour PD-L1 dont les globules rouges. In vivo, ces bsAb ont montré un effet modeste sur la croissance 

tumorale dans le modèle syngénique MC38, sans qu’une différence d'activité soit établie entre les 

différentes bsAbs. Cependant, l’inactivation de la partie Fc a significativement amélioré la 

pharmacocinétique du bsAb, confirmant que l’engagement des récepteurs Fc contribue à l'élimination des 

anticorps, probablement en exagérant le taux de TMDD (disposition médiée par la cible). Enfin, j'ai 

également effectué une analyse du microenvironnement tumoral et montré que le traitement par les 

bsAbs améliorait à la fois les réponses immunitaires innées et adaptatives, comme en témoigne 

l’augmentation des macrophages pro-inflammatoires de type M1 et l'infiltration des lymphocytes T CD8+. 

  



5 
 

Remerciements 

Tout d’abord, je tiens particulièrement à remercier le Dr. Krzysztof. Masternak qui a suivi et 

supervisé ce projet de thèse. Krzysztof, merci pour ta disponibilité et ton soutien. Merci d’avoir su rester 

constant, compréhensif et optimiste face à toutes les difficultés rencontrées au fil des années. Un grand 

merci pour l’énergie et le temps que tu as consacré lors de la rédaction et la correction de ce manuscrit.  

Je tiens à remercier le professeur Michele De Palma d’avoir accepté de participer à mon jury de 

thèse. Merci pour le temps consacré à l’évaluation de ce travail. 

Je tiens à remercier le professeur Paul Walker pour sa participation à mon jury de thèse ainsi que 

pour sa participation à l’évaluation de mon projet lors du TAC meeting.  

Je tiens à remercier le professeur Jean-Claude Martinou qui est non seulement membre de mon 

jury de thèse mais aussi le co-directeur de ce projet.  

Je tiens à remercier le Dr. Nicolas Fischer pour m’avoir permis de faire ma thèse au sein de 

Novimmune/LCB.  

Un grand merci à la professeur Stéphanie Hugues et à sa doctorante Mengzhu Sun avec lesquelles 

j’ai collaboré pour l’analyse du microenviroment tumoral. Merci pour vos conseils avisés et votre 

expertise. Je tiens aussi à remercier tous les autres membres du laboratoire qui, à chacune des 

expériences, ont été d’une aide précieuse. 

Je tiens à remercier Xavier pour sa participation active dans mon projet de thèse. Merci pour 

toutes tes suggestions et conseils pertinents ainsi que pour tes conseils et corrections lors de la rédaction 

de ce manuscrit. Merci d’avoir trouvé les bons mots quand il le fallait, et de ne jamais te départir de ton 

énergie et ta motivation quand il s’agit d’attaquer une nouvelle expérience.  

Je souhaite remercier tous les membres de la Biology Section (souvenir d’une époque lointaine à 

Novimmune). Un merci particulier à Sara qui m’a coachée au tout début de ma thèse et dont j’ai souvent 

sollicité l’avis et les conseils précieux. Merci à Valéry Moine qui m’a accompagnée lors des premières 

manips vivo et qui a su rester disponible tout au long de ma thèse (même le dimanche). Merci Ulla et à 

son équipe, plus particulièrement Nessie, Sébastien et Nicolas sans qui les bras anti-PD-L1 et CD47 décrits 

dans ce projet n’auraient pas vu le jour. Merci à Giovanni, Pauline et à l’équipe PGN qui m’ont accueillie 

dans leur labo pour le travail de biologie moléculaire. Merci d’avoir pour votre aide indispensable et votre 

expertise. Merci à Yves et à toute l’équipe BIP qui m’a chaleureusement accueillie. Merci Guillemette 

d’avoir toujours trouvé une solution (sauf quand un bsAb ne produit qu’un mAb), de m’avoir toujours 

proposé ton aide. Un grand merci à Christophe pour m’avoir donné de rigoureuses et solides bases de 

purification. L’AKTA n’est plus un mystère pour moi. Merci à Tereza pour tes conseils et ta relecture. Un 



6 
 

grand merci à toute l’équipe vivo qui m’a apporté une aide des plus indispensables. Merci à Laurence pour 

ton aide et ta réactivité dans l’écriture des demandes d’expérimentation. Merci à Emeline E. pour ta 

disponibilité, ton écoute et tes encouragements. Un grand merci à Laura sans qui plusieurs des 

expériences vivo décrites dans ce travail n’auraient pas pu être faites. J’apprécie ta détermination, ton 

éthique professionnelle et ton énergie quand il s’agit de mener une expérience rigoureusement et 

efficacement. Un immense merci à Lise et Elise qui m’ont accompagnée durant ces années de thèse. Lise, 

merci pour ton énergie et tes conseils, merci d’avoir toujours eu le bon mot et le bon coup de gueule dans 

les moments de doute. Merci pour toutes ces conversations tard le soir à refaire le monde ou plutôt refaire 

nos thèses. Un grand merci à Elise pour ta bonne humeur et ton optimisme sans faille, c’est un bonheur 

de t’avoir comme collègue. Merci d’avoir su me comprendre sans forcément devoir m’expliquer. Et 

comme une PhD avisée me l’a dit autrefois, il y a une lumière au bout du tunnel. D’une manière générale, 

un grand merci à tous mes collègues de LCB que je n’ai pas cités ici mais dont les encouragements et la 

bienveillance tout au long de ces années ont été d’une grande aide. 

Je tiens également à remercier mes anciens collègues du laboratoire du professeur Ivan 

Rodriguez, de m’accueillir comme si je n’étais jamais partie et d’être là pour continuer à fêter mon master. 

Je tiens aussi à remercier mes anciens collègues de MMV et plus particulièrement Fanny et Mélanie. 

Je tiens à exprimer toute ma gratitude envers mes amis dont la présence et le soutien ont été 

mon oxygène et qui ont compris et accepté bien souvent mon absence. Merci à la Bicaudal Team, Florian, 

Gerda, Mariana, Marie, Stéphanie et plus particulièrement à sa section romande, Gaby, Kevin et Rhéa. 

Merci à Madlaina et Joël pour tous les moments partagés et vos conseils. Merci à Natalia, Maroussia, 

Caroline et Karine, des sources d’inspiration et d’énergie indispensables. Merci à la dynastie Kan de 

m’avoir fait me sentir chez moi et de m’avoir laissé partager d’inestimables moments à vos côtés. Merci 

Kunthea pour ton soutien sans faille et ton optimisme à tout épreuve. Merci à tous ceux qui ont été là 

dans les moments clés de ma vie, Seb, Sam, Max, Maria et Vincent. Chenda, les mots me manquent pour 

exprimer ma gratitude. Merci de m’avoir accompagnée et soutenue à chaque étape, merci pour ton 

énergie et ton amour.  

Un immense et infini merci à mes parents, qui m’ont toujours soutenu sans jamais me mettre la 

pression. A Mary et à Bruno, qui me permettent de prendre du recul pour continuer d’avancer. Et merci 

à Léa qui apporte des rires et de la légèreté à ma vie.  

Last but not least, merci Luca. Ces années ont été intenses et il n’y que toi qui a pu et su prendre 

la mesure des moments traversés. Merci d’avoir partagé tout cela à mes côtés et de m’avoir permis 

d’avancer.  



7 
 

Contents 

Abstract ......................................................................................................................................................... 3 

Résumé ......................................................................................................................................................... 4 

Remerciements ............................................................................................................................................. 5 

Contents ........................................................................................................................................................ 7 

1. Introduction ........................................................................................................................................ 11 

1.1. Innate and adaptive immune responses ......................................................................... 11 

1.2. Cell mediated adaptive immune response ..................................................................... 12 

1.2.1. T cell priming and activation ..................................................................................... 13 

1.2.2. T cell subsets ............................................................................................................. 13 

1.2.3. Immune checkpoints ................................................................................................. 15 

1.3. Immune response to tumors .......................................................................................... 18 

1.3.1. The cancer-immunity cycle ....................................................................................... 18 

1.3.2. The tumor microenvironment .................................................................................. 19 

1.3.3. Non-tumor cells in the TME ...................................................................................... 20 

1.3.4. Non-immune components ........................................................................................ 25 

1.4. Monoclonal antibodies ................................................................................................... 26 

1.4.1. IgG structure ............................................................................................................. 26 

1.4.2. Fc gamma receptors (FcγRs) ..................................................................................... 27 

1.4.3. Development of monoclonal antibodies .................................................................. 28 

1.4.4. Monoclonal antibodies targeting immune checkpoints ........................................... 29 

1.4.5. Bispecific antibodies ................................................................................................. 29 

1.5. PD-1/PD-L1 axis ............................................................................................................... 32 

1.5.1. Expression and interactions ...................................................................................... 32 

1.5.2. PD-1 and PD-L1 expression in cancer ....................................................................... 33 

1.5.3. Blockade of PD-1/PD-L1 pathway enhances anti-tumor responses ......................... 34 

1.5.4. PD-1/PD-L1 inhibitors ............................................................................................... 35 

1.5.5. Resistance to immune checkpoint inhibitors ........................................................... 36 

1.6. CD47/SIRPα axis .............................................................................................................. 37 



8 
 

1.6.1. CD47 structure and expression ................................................................................. 37 

1.6.2. Immune functions of CD47 ....................................................................................... 37 

1.6.3. Targeting CD47 in cancer .......................................................................................... 38 

1.7. Targeting PD-L1 and CD47 in cancer ............................................................................... 41 

2. Aim of the study .................................................................................................................................. 43 

3. Results ................................................................................................................................................. 45 

3.1. Generation and characterization of CD47|PD-L1 mIgG2a bispecific antibodies ............ 45 

3.1.1. PD-L1 and CD47 expressing cells .............................................................................. 46 

3.1.2. Isolation and characterization of anti-CD47 antibody arms ..................................... 47 

3.1.3. Isolation and characterization of anti-PD-L1 antibody arms .................................... 50 

3.1.4. Generation of the 1st wave of CD47|PD-L1bispecific antibodies ............................. 52 

3.1.5. In vitro characterization of the first wave of bsAbs .................................................. 54 

3.1.6. Lead optimization of the 1h6 candidate ................................................................... 57 

3.1.7. In vitro characterization of the 6E8-based bsAbs ..................................................... 60 

3.1.8. Anti-tumor efficacy of 6E8 based bsAbs ................................................................... 63 

3.2. Generation and characterization of CD47|PD-L1 hIgG1 bispecific antibodies ............... 72 

3.2.1. Proof of concept bsAb with the atezolizumab PD-L1 arm ........................................ 72 

3.2.2. Generation of VS9, a new anti-PD-L1 arm ................................................................ 75 

3.2.3. In vitro characterization of the VS9-based bsAbs ..................................................... 76 

3.2.4. Anti-tumor efficacy of the VS9 based bsAbs ............................................................ 80 

3.2.5. BsAb efficacy, and pharmacokinetics, as compared to the parental mAbs ............. 96 

4. Discussion .......................................................................................................................................... 103 

4.1. Background ................................................................................................................... 103 

4.2. Targeting CD47 with bispecific antibodies .................................................................... 104 

4.3. Anti-tumor efficacy of PD-L1 |CD47 bsAbs ................................................................... 105 

4.4. Pharmacokinetics and safety ........................................................................................ 108 

4.5. Effect of CD47|PD-L1 BsAbs on the tumor immune microenvironment ...................... 109 

4.6. Perspectives and conclusion ......................................................................................... 111 

5. Material and methods ...................................................................................................................... 113 

5.1. Antibodies generation................................................................................................... 113 



9 
 

5.2. Cell lines and reagents .................................................................................................. 114 

5.3. Syngeneic mouse models .............................................................................................. 115 

5.4. Flow cytometry ............................................................................................................. 118 

5.5. CD47/SIRPα blocking assay ........................................................................................... 119 

5.6. PD-1/PD-L1 blocking assay ............................................................................................ 120 

5.7. Evaluation of blood parameters and bsAb concentrations in serum ........................... 121 

5.8. Statistics ........................................................................................................................ 122 

5.9. Illustrations ................................................................................................................... 122 

6. Appendices ........................................................................................................................................ 123 

7. List of Abbreviations ......................................................................................................................... 138 

8. References ........................................................................................................................................ 141 

 

  



10 
 

  



11 
 

1. Introduction 

Cancer is a leading social, economic and health system burden while also the second highest cause 

of death worldwide [1]. It is currently estimated to replace ischemic heart disease at number one by the 

year 2060 [1]. Historical approaches to treat cancer, beyond physical removal by surgery, relied on 

radiotherapy, chemotherapies as well as hormone therapy [2]. Improvements in the understanding of the 

biology of cancer have led to more precise sub-classification of cancers and thus increasingly targeted 

therapies [3]. Recently, immunotherapeutic drugs have deeply changed the approach to cancer treatment 

[4]. Although this shift has only occurred in the past couple of decades, the first studies on immunotherapy 

and cancer emerged in the early 1900s with the work of William Coley [5]. Based on observations in some 

patients where cancer remission was associated with a bacterial infection, he started to assess the link 

between the intratumoral injection of bacterial suspensions and the anti-tumor response. The lack of 

reproducibility and consistency in the experiments raised doubts in the scientific community regarding 

the validity of the approach [5]. At the same time, the rise of radiotherapy, which showed immediate 

effect on tumor growth, slowed down the development of immunotherapy [6]. The beginning of the 21st 

century saw a speed up in the transition of several immunotherapy approaches from bench to bedside 

[4]. Among them was the discovery of T cell immune checkpoints and their role in T cell response inhibition 

[7], [8]. Targeting inhibitory immune checkpoint with antagonizing monoclonal antibodies (mAb) resulted 

in tremendous anti-tumoral effects and increased in patients’ survival [9], [10]. Yet, failure of treatment 

in a majority of patients still highlights the needs for new therapeutic strategies. In order to fully 

appreciate the revolutionary approach of immunotherapy, one must first understand the functioning of 

the immune system and the tumor ability to evade it.  

 

1.1. Innate and adaptive immune responses 

Survival of any organism depends on its ability to live in a hostile environment. The immune 

system is a complex network of cells and molecules capable of mediating host protection by recognizing 

and eliminating noxious foreign substances. Immediately following detection of a pathogen or a harmful 

compound, the immune system begins with a broad response mediated by the innate immunity [11]. A 

second stage requires the adaptive immune response, which has higher specificity. Components of each 

response are tightly regulated and dependent on the other to ensure an appropriate balance between 

pathogen destruction and host tissues protection [11]. 
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Upon detection of a pathogen, a broad array of immune cells are mobilized to fight the threat. 

The innate immune response is based on cells whose receptors can recognized common patterns 

expressed by pathogens or damaged cells [11]. This recognition triggers a strong and immediate response 

to eliminate the danger as well as the production of inflammatory molecules. Cells of the innate immunity 

also serve a second function - triggering the activation of the adaptive immune response. Innate immune 

response differs depending on the type of bacteria, fungus, virus or damaged cell encountered so that the 

reaction can be tailored to the threat [11].  

Among the innate immune cells are the phagocytic cells such as macrophages, dendritic cells 

(DCs), monocytes and neutrophils[11]. These cells are specialized in capturing and engulfing external 

foreign substances and other cells [11]. Once internalized, the antigens are processed and cleaved into 

short peptides that are then displayed at the cell surface in the context of the major histocompatibility 

complex (MHC) [11]. Among the antigen presenting cells (APCs), DCs are critical to initiate the adaptive 

immune response [11]. Antigen capture together with costimulatory signals from the microenvironment 

induce maturation of DCs that is characterized by phenotypic and functional changes [12]. During this 

process, DCs upregulate MHC II, the costimulatory receptor CD40, as well as CD80 and CD86 [12], [13]. 

Changes in morphology as well as in cell surface receptor expression allow DCs to migrate to secondary 

lymphoid organs. In lymph nodes, they interact with T cells and provide the required signals via 

costimulatory molecules and secreted cytokines to trigger their activation [13]. DCs have the ability to 

process and present external antigens not only in the context of their MHC class II but also in the context 

of MHC class I (usually dedicated to cytosolic antigen presentation) via a process called cross-presentation. 

DCs are thus endowed with the ability to initiate both CD4+ and CD8+ T cell response upon antigen 

presentation in the context of MHC II and MHC I respectively [12]. Interaction between DCs and T cells 

does not only result in signaling within the T cell but can also trigger a signal back to the DCs to enhance 

their activation as exemplified by the CD40-CD40L signaling [14].  

 

1.2. Cell mediated adaptive immune response  

The adaptive response can be divided into humoral response, which involves B lymphocytes and 

antigen production, and cellular response mediated by T lymphocytes. Mobilizing the cell-mediated 

immunity to fight and eliminate cancer is critical for the success of immunotherapy, and thus 

understanding how the T cells response is regulated is of utmost importance. T cells originate from 
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hematopoietic stem cells in the bone marrow and migrate to the thymus where they complete their 

maturation process. Once mature they are released into the circulatory system as naïve cells[11].  

 

1.2.1. T cell priming and activation  

T cells are characterized by the expression at their surface of an antigen receptor, the T cell 

receptor (TCR), involved in antigen recognition and T cell activation [11]. The TCR is an heterodimeric 

protein composed of α and β chains which are non-covalently associated with the CD3 co-receptor 

complex and two intracellular zeta chains [15]. TCR αβ chains are involved in antigen recognition while 

the CD3 and the zeta chains mediate the signal transduction [16], [17]. Activation of naïve T cells occurs 

in secondary lymphoid organs and requires the accumulation of two different signals resulting from the 

interaction between the naïve T cell and the activated APC [11]. The first signal is mediated by the 

interaction between the TCR, and its cognate antigen presented in the context of MHC complex. The 

second one is mediated by interaction of costimulatory receptors at the surface of T cells, such as CD28, 

with ligands expressed on activated APCs, such as CD80 and CD86. This second signal amplifies the 

signaling pathway downstream of the TCR complex [11], [15] and triggers T cell expansion and IL-2 

production (IL-2 is the principal cytokine involved in T cell proliferation and differentiation) [11], [18], [19]. 

T cell activation mediated only by TCR stimulation without costimulatory signals results in anergy: a state 

where T cells fail to functionally respond to antigen stimulation [20]. T cell activation results in an 

important process of differentiation and proliferation that is characterized by modification of the 

expression of cytokines and surface molecules [11]. Activated T cells leave the secondary lymphoid organs 

(SLOs) and migrate to the site of infection where they can be reactivated upon antigen encounter [11]. In 

addition to the two signals described above, a third signal mediated by cytokines produced by DCs 

supports a strong T cell response and expansion [21] (Fig. I). 

 

1.2.2. T cell subsets 

T cells subsets are categorized depending on the co-receptor they express, either CD4+ or CD8+. 

Both subtypes have defined effector functions [11]. CD4+ T cells activate and modulate the activity of 

other immune cells by secreting various cytokines [22] while CD8+ T cells, or cytotoxic T lymphocytes 

(CTLs), have the ability to directly kill cells. The third signal mediated by DCs is a critical determinant of 

the nature of the T cell response for CD4+ and CD8+ T cells. [21], [22]. For CD4+ T cells, the differentiation 
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and polarization depends on the specific set of cytokines produced by DCs, which differs depending on 

the type of pathogens encountered [23]. Depending on the set of cytokines, CD4+ T cells acquire distinct 

functions characterized by different phenotypic and transcriptomic profiles (Fig. I). For instance, Th1 

subset produce interferon (IFN) γ which is involved in macrophage activation while Th2 mostly produce 

interleukin-4 (IL-4), IL-5, IL-13 and IL-19 that are key to activate the eosinophils [11].  

 

Figure I: The main CD4+ T helper subsets. Modified from [22]. 

As mentioned above, CD8+ T have the ability to kill target cells upon TCR-MHCI-antigen complex 

interaction [11] , either via the secretion of cytotoxic compounds (perforin, granzymes A and B) or by 

inducing apoptosis via Fas-FasL interaction [11]. They also exert pro-inflammatory functions by secreting 

cytokines such as IFN-γ and Tumor Necrosis Factor (TNF) α [11], [24]. The third signal produced by DCs 

can either enhance effector functions or promote tolerance of CD8+ T cells [21]. Type I IFN, IFN-γ and IL-

12 are triggers of strong CD8+ T cell responses [21]. 

Another subset of T cells is constituted by regulatory T cells (Tregs), which are immunosuppressive 

cells involved in maintenance of self-antigen tolerance to avoid autoimmunity [25]. Tregs are 

characterized by the expression of CD4+ CD25+ and the transcription factor Foxp3+ [26]. In addition, Tregs 

constitutively express high level of inhibitory receptors such as CTLA-4, PD-1 and LAG-3 [27]–[29]. Tregs 

dampen effector T cell functions by several mechanisms [30]. As described in the following section, CTLA-

4 inhibits the CD28-CD80/ CD86 interaction by decreasing the amount of co-stimulatory molecules on 
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APCs [31], [32]. In addition, Tregs participate in immunosuppression by secreting IL-10, IL-35 and TGFβ 

[33] and by depleting IL-2 [34]. 

Following T cell activation, antigen specific T cells expand and proliferate and give rise to different 

T subsets of T cells, either effector T cells or memory T cells. Effector T cells represent a short-lived subset 

of functionally active T cells. Upon antigen clearance, the T cell response contracts and the bulk of effector 

T cells dies by apoptosis [11], [35]. On the other hand, activated T cells can also differentiate into a long-

living T cell subset, called T memory cells, which can persist for years and can reactivate quickly upon 

antigen re-encounter [11], [36]. Memory T cells can be categorized into three different groups (Fig. II) 

[11], [36]–[38]. Central memory T cells (TCM), mostly found in the secondary lymphoid organs, are able to 

quickly proliferate but have poor effector functions. Effector memory T cells (TEM), which can be found 

both in circulation and in tissues, have a low proliferative ability but high cytotoxic functions. Finally, 

resident memory T cells (TRM) are only found in tissues, have low proliferative and migratory potential but 

high effector functions [39]. 

 

Figure II: The different memory T cell subsets. TCM, T central memory, TEM; TRM, T resident memory; Each subset is defined by 
different marker and can be found in CD4+ and CD8+ T cells. Modified from [38]. 

 

1.2.3. Immune checkpoints 

The strength of T cell response is tightly regulated and the final outcome results from a complex 

balance between the signaling of activating and inhibitory receptors expressed at the surface of T cells 

(reviewed in: [14], [18], [24], [40]–[43]) (Fig. III). While CD28 expression on T cells is constitutive, the 
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expression of other activating and inhibitory receptor is mainly dependent on the T cell activation status 

[18], [40]. The signaling mediated by these different receptors can in turn impact the process of T cell 

activation and differentiation [18]. Upon binding to their corresponding ligands, stimulatory receptors 

such as ICOS, CD226, OX-40 or 4-1BB, enhance T cell responses and effector functions [18], [41]. On the 

other hand, inhibitory surface receptors, called immune checkpoints, such as cytotoxic T lymphocyte 

antigen-4 (CTLA-4), programmed cell death protein 1 (PD-1), T-cell immunoglobulin and mucin-domain-

containing molecule 3 (Tim-3), T-Cell Immunoglobulin and ITIM Domain (TIGIT) or Lymphocyte-activation 

gene 3 (LAG-3) inhibit T cell effector functions and limit the amplitude and the duration of the T cell 

response [18], [44], [45]. Thereby, they serve to protect healthy tissue from damages resulting from 

excessive T cell activation and participate in immune homeostasis and maintenance of self-tolerance [41], 

[44], [46], [47]. Any disturbance of the expression and/or signaling of immune checkpoints can result in 

immunopathologies: absence or low expression can lead to autoimmunity while exaggerated expression 

may inhibit key T cell responses necessary for pathogen elimination [18], [42], [48], [49]. 

 

 

Figure III: T cell activation depends on signal 1, 2 and 3 provided by the dendritic cells. Co-signaling mediated by receptor-ligand 
interactions either activates (blue) or inhibits (red) the T cell response. Modified from [14]. 

 

Activating and inhibitory receptors are critical at various stages of T cell development: T cell 

activation occurs during priming in the lymph nodes but also at the periphery [18], [43]. Interaction 

between APCs and effector T cells at the site of inflammation can either result in re-activation or inhibition 

of T cell responses [11], [43]. Activating and inhibitory receptors also play a role in T cell memory formation 

[18]. Another layer of complexity is related to the fact that the expression pattern of activating and 

inhibitory receptors on T cells and of their ligands on immune and non-immune cells is dynamic and 
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context dependent [18], [50]. The most studied inhibitory immune checkpoints and their ligands are 

described below.  

1.2.3.1. CTLA-4 

CTLA-4 (or CD152) is a member of the immunoglobulin superfamily and is highly homologous to 

the costimulatory molecule CD28. CTLA-4 rapidly and transiently expressed on the T cells surface following 

priming and activation [51]. CTLA-4 binds to the same ligands as the co-stimulatory receptor CD28, i.e., to 

CD80 (B7-1) and CD86 (B7-2) expressed at the surface of the APCs [31]. CTLA-4 has a 10 to 100 times 

higher affinity for these ligands and efficiently out-competes CD28 [52]. By preventing the binding of 

CD80/CD86 to CD28, CTLA-4 inhibits the co-stimulatory signal 2 necessary for T cell activation. In addition, 

CLTA-4 can also prevent CD28 mediated T cell activation by removing the CD28 ligands from the surface 

of the APC via a mechanism called transendocytosis [32].  

1.2.3.2. PD-1 

Programmed cell death protein 1 (PD-1; CD279) is a transmembrane co-inhibitory receptor (an 

immune checkpoint), structurally belonging to the immunoglobulin superfamily. It is upregulated on 

activated T cells and restrains T cell priming by downregulating the signaling through CD28 and TCR [53]–

[55]. PD-1 has two ligands: PD-L1 (CD274) and PD-L2 (CD273), both transmembrane proteins of the 

immunoglobulin superfamily [56], [57]. PD-L1 is constitutively expressed at low levels on a wide variety of 

cell types, both of hematopoietic and non-hematopoietic cell lineages, and its expression can be 

upregulated by IFN-γ and other inflammatory stimuli [58], [59]. On the other hand, PD-L2 expression is 

more restricted, and is found principally on macrophages, dendritic cells and mast cells [60]. Given the 

broad distribution of its ligands, PD-1 can inhibit T cell responses in both in the lymph nodes and in the 

periphery [61], [62]. The PD-1/PD-L1 axis will be described more extensively in the section 4.5.  

1.2.3.3. LAG-3 

LAG-3 (CD223) is part of the immunoglobulin superfamily and is expressed on activated T effector 

and Tregs [29]. It has several ligands, such as MHCII, galectin-3, lymph node sinusoidal endothelial cell C-

type lectin (LSECtin) or fibrinogen-like protein 1 (FGL1) [9]. The binding of LAG-3 to its ligands results in 

different outcomes depending on the T cells subsets: in effector T cells, it decreases their activity while it 

increases Tregs activity [45], [63].  
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1.2.3.4. TIM-3 

TIM-3 is a transmembrane receptor that belongs to the TIM family of receptors, related to the 

immunoglobulin superfamily. TIM-3 is expressed at the surface of various immune cells such as T cells, NK 

cells, or myeloid cells [45], [64]. Galectin-9, Ceacam 1 or high-mobility group box 1 (HMGB1) proteins have 

been described as TIM-3 ligands [64] and their binding to TIM-3 results in immunosuppression [45], [65].  

 

1.3. Immune response to tumors 

1.3.1. The cancer-immunity cycle 

Cancer cells are characterized by genomic instability as well as structural alterations [66]. This 

results in aberrant metabolic and phenotypic characteristics which leads to abnormal and invasive cell 

proliferation. The expression by tumor cells of mutated genes or usually repressed genes (TSA, tumor-

specific antigens, TAA, tumor associated antigens), helps the immune system to recognize them from 

healthy cells [11]. How the adaptive immune system recognizes and eliminates cancer cells has been 

conceptualized by Chen and Mellman in 2013 and is represented as a 7 step iterative process called “the 

cancer-immunity cycle” (Fig. IV) [67]. When the cancer-immunity cycle performs optimally, cancer cells 

are eliminated by the immune system, resulting in the release of cancer cell antigens (step 1). The newly 

released antigens are then engulfed by dendritic cells and processed for presentation (step 2). Activated 

DCs present the antigens to T cells in secondary lymphoid organs (SLOs) such as lymph nodes (LNs) and 

subsequently activate them (step 3). These activated T cells travel to the tumors (step 4) and infiltrate the 

tumor bed (step 5). Upon recognition of tumor cells (step 6), T cells destroy them (step 7). The additional 

release of tumor antigens amplifies the immune response and the cycle starts once again [67].  

Each step in the cancer-immunity cycle can be hijacked by cancer cells evading immune 

destruction (reviewed in [67]). Of note, the anti-tumor immune response has dual, contrasting effects. If 

the initial immune response is efficacious, it will ultimately result in a strong selective pressure favoring 

immune escape. The consequence of this is immunoediting: the enrichment in tumor cells capable of 

evading immune recognition [68]. The interaction between cancer and immune cells in the tumor 

microenvironment is a dynamic process, important for cancer establishment and progression [69].The 

following sections will describe the tumor microenvironment and will subsequently focus on PD-L1 and 

CD47, two immune checkpoint receptors, and on how they could be targeted to restore efficient anti-

tumor immunity [67], [70].  
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Figure IV : The cancer immunity cycle. Source: [67]. 

 

1.3.2. The tumor microenvironment  

Tumors are not only composed of cancerous cells but also contain infiltrating immune cells, blood 

vessels, fibroblasts as well as extracellular proteins, macromolecules, cytokines, and growth factors [71]. 

This complex network constitutes the tumor microenvironment (TME) (Fig. V) and contributes to tumor 

progression and immune escape [72]. TME composition is heterogeneous and can vary depending on the 

cancer type as well as its evolution over time [73]. What is even more complicated, patients with the same 

type of cancer and the same clinical stage usually have different TMEs and thus potentially different 

antitumor responses to treatment. The TME has an important role in the modulation of cancer 

development as it can limit or enhance tumor progression [74]. The immune complexity as well as its 

organization at the tumor site is described as “the immune contexture” [75]. Its understanding is key to 

ensure correct classification of patients as well as treatment selection. The development of new 

therapeutic strategies to tackle cancer depends therefore on a detailed understanding of the TME [69]. 
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The following section will describe the main cell types that can be found in the TME as well as potential 

therapeutic approaches to target these cell populations with the goal of enhancing anti-tumor responses. 

 

Figure V: The tumor microenvironment. The tumor microenvironment is composed of various cell types (immune and non-
immune) as well as extracellular components. Boxes represent various approaches that can be used for therapeutic treatment 
(source: [71]). 

 

1.3.3. Non-tumor cells in the TME 

1.3.3.1. Neutrophils and monocytes  

Neutrophils, or polymorphonuclear leukocytes, are the most important immune population in the 

blood. In acute infections, they respond to activating stimuli such as pathogen-associated molecular 

patterns (PAMPs) or damage-associated molecular patterns (DAMPs) and are rapidly mobilized to the 

infection site [11]. They are phagocytic cells specialized in engulfing microbes or dying cells but have only 

a short life span in tissues. 
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Monocytes, or mononuclear phagocytes, are also blood circulating leukocytes. Upon infection, 

they migrate to the tissues where they can mature and differentiate into macrophages or dendritic cells 

(DCs) [11]. They infiltrate the tissues later than neutrophils but have a longer life span. Monocyte 

populations in the blood are heterogenous and are often divided into classical and non-classical 

monocytes. The first category has phagocytic and pro-inflammatory properties while the second is 

involved in tissue repair [11], [76].  

In the TME, neutrophils and monocytes may evolve into myeloid-derived suppressor cells 

(MDSCs), which are generated following a prolonged exposure to signals such granulocyte-macrophage 

colony-stimulating factor (GM-CSF), IL-6 or VEGF) [77]. MDSCs participate in immune suppression within 

the TME and are associated with bad prognosis [77]. Yet, No phenotypic markers can help to 

unambiguously distinguish classical monocytes or neutrophils from their immunosuppressive 

counterparts, making the analysis of these populations difficult [77]. Targeting MDSCs is challenging due 

their short life span and unstable phenotypes. Notwithstanding, some approaches that aim to deplete this 

population are currently evaluated in clinical trials [77].  

1.3.3.2. Macrophages 

Macrophages are professional phagocytes found in tissues [11]. They can arise from blood 

monocyte maturation or during embryogenesis, from yolk sac or fetal liver precursors [78]. The latter are 

called tissue resident macrophages and can persist for years. Depending on the organs seeded, they have 

specialized functions and different names, such as Kupffer cells in the liver or microglia cells in the brain, 

[11]. Macrophages are highly plastic and heterogenous. Depending on environmental context, they can 

further differentiate to fulfill several functions [79]. They can promote inflammation and destruction by 

eliminating damaged cells and pathogen, as well as working as antigen presenting cells that mediate T cell 

activation [11]. On the other hand, macrophages are also involved in tissue homeostasis, remodeling and 

repair and act as key mediators of inflammation resolution [79]. A simplistic view based on in vitro 

polarization experiments led to a dichotomous classification of macrophages into either M1 (pro-

inflammatory) or M2 (anti-inflammatory) [80]. The M1 state, or “classically activated” macrophages can 

be differentiated in vitro by adding IFN-γ and/or LPS into the culture medium. Inversely, the M2 state, or 

“alternatively activated” macrophages, arise from induction with L-4, IL-10, or TGFβ [81]. 

Within the TME, tumor associated macrophages (TAMs) are often associated with either the M1-

like or the M2-like phenotype [82]. M1-like TAMs are characterized by secretion of pro-inflammatory 

cytokines (IFN-γ and TNF-α), increased expression of the major histocompatibility complex II (MHC II) and 

inducible nitric oxide synthase (iNOS), as well as by increased expression of CD40, CD80 and CD86 
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costimulatory molecules [83]. M2-like macrophages are characterized by secretion of IL10 and TGFβ, 

increased expression of CD206 and arginase (Arg1), and are associated with immune suppression and 

angiogenesis [84]. Yet, the phenotype and the activation state of macrophages in vivo are a dynamic 

continuum rather than defined, fixed states [85]. Adding to this complexity, the presence of a high 

macrophage infiltrates in the TME is associated with either good or bad prognosis depending on the 

cancer type [86]. TAMs phenotypes may evolve during tumor progression. For instance, M1-like 

macrophages are typical to early tumorigenesis. On one hand, during tumor initiation, M1-like 

macrophages mediate tumor elimination. On the other hand, they promote tumorigenesis by creating an 

inflamed and mutagenesis-prone microenvironment [87]. During tumor progression, M1 macrophages 

progressively become pro tumoral M2 macrophages, under the influence of cytokines such as IL-4 

secreted by T helper 2 cells or CSF1 produced by tumor cells [88]. Late stage tumors and metastases are 

mostly infiltrated by M2-like macrophages [89]. Pro-tumorigenic functions mediated by TAMs involve the 

suppression of adaptive immune response via expression of inhibitory receptors (PD-1, PD-L1), cytokine 

production (IL-10, TGFβ), and participation to tissue remodeling and angiogenesis (growth factors, 

proteases and VEGFA secretion) [90]. Reeducating macrophages to favor a M1- over M2-like functions is 

currently investigated by several approaches. Disruption of CSF-1/CSF-1R or CCL2/CCR2 axis with 

monoclonal antibodies (mAbs) to limit macrophage recruitment or enhancing macrophage activity with 

CD47-blocking or CD40 agonist antibodies are some of the examples of immunotherapies currently 

assessed in clinical trials [83], [91].  

1.3.3.3. Dendritic cells (DCs) 

As described in the first section, DCs are professional antigen presenting cells (APC) that 

constantly patrol tissues and the circulatory system, where they probe the environment for antigens. DCs 

efficiently present antigens in the context of MHC class I or MHC class II to activate CD8+ and CD4+ T cells 

respectively [12]. Cross presentation allows DCs to present internalized antigens via their MHC I and is key 

for triggering antitumor CD8+ T cell responses [92]. DCs that originate from a common myeloid precursor 

in the bone marrow differentiate into conventional DCs, while plasmacytoid DCs arise from a lymphoid 

progenitor [93]. Conventional DCs function mostly as antigen presenting cells and can be subdivided in 

two categories depending on the T cells they activate, cDCs 1 for CD8+ and cDCs 2 for CD4+ T cells [94]. In 

contrast, plasmacytoid DCs have weak antigen presentation ability and are specialized in type I IFN 

secretion [95]. During inflammation, a third subset of DCs can also mature from monocytes after homing 

in peripheral tissues (monocyte-derived DCs) and is involved in CD8+ T cell activation at the site of 
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inflammation rather than in SLO [94], [96]. The different subsets of DCs can be differentiated based on 

expression of transcription factors, phenotypic markers as well as their location [14].  

In the TME, the immunosuppressive environment limits and counteracts DC function through 

several mechanisms [14], [97]. For instance, during tumor progression, the number of cross presenting 

DCs decreases, thus impairing efficient reactivation of the T cell responses [14]. In addition, the presence 

of immunosuppressive conditions as well as soluble factors such as VEGF, IL10 or TGFβ impacts DC 

maturation and antigen presentation functions [98], [99]. Lastly, it has been shown that DCs in the TME 

can mediate T cell immunosuppression as a consequence of modified metabolic pathways, depleted 

arginine [100] or expression of inhibitory molecules such as PD-L1 [101]. These DCs become tolerogenic 

and fail to efficiently activate T cells [99]. Several approaches to overcoming DC tolerance, such as 

administration of DC activating factors, such as polyinosinic:polycytidilic acid (poly(I:C)) and other Toll like 

receptor (TLR) agonist, or DC vaccines, are being evaluated in pre-clinical studies and in clinical trials [14], 

[96], [102]. 

1.3.3.4. Natural killer (NK) cells 

NK cells are part of the innate lymphoid family and are mostly found in circulation. During 

inflammation, they are rapidly recruited to the tissues where they are involved in direct killing of infected 

cells as well as in secretion of pro-inflammatory molecules such as IFN-γ as well as chemokines [11]. NK 

cell activation depends on the signaling mediated by their cell surface receptors, classified as either 

inhibitory or activating, binding to molecules expressed on target cells [11], [103]. Healthy cells mainly 

express inhibitory receptor ligands, while infected or damaged cells express a higher proportion of ligands 

binding to NK activating receptors. When the activating signaling is stronger than the inhibitory signaling, 

it triggers NK cytotoxic response and killing of the target cell. NK cell activation and target cell killing can 

also occur via antibody-dependent cellular cytotoxicity (ADCC), a process mediated by the Fc parts of IgG 

antibodies opsonizing the target cell and crosslinking activating Fcγ receptors on the surface of a NK cell.  

NK cells infiltration into tumors is usually low but a higher level is usually associated with good 

prognosis [104], [105]. The efficacy of several anti-tumor monoclonal antibodies has been shown to be 

depend on ADCC mediated by NK cells [106]. Thus, NK cells can mediate an anti-tumor activity by direct 

killing, but also by activating and recruiting other immune cells such as DCs [105], [107], [108]. Like in the 

case of other immune effector cells, NK antitumor activity can be inhibited in the TME by several 

mechanisms such as the increase in inhibitory ligand expression in tumor cells or by immunosuppressive 

cytokines [105], [109]–[111]. Some NK cells can also express PD-1, which reduces NK functions upon 

binding to PD-L1 in the TME [112], [113]. As a consequence, immune checkpoint inhibitors, antibodies 
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targeting receptors expressed by NK cells or pro-inflammatory cytokines are some strategies currently 

investigated in clinical trials to enhance NK functions in the TME [110].  

1.3.3.5. Effector T cells  

Tumors can be broadly divided in three categories depending on their T cell infiltration pattern 

(reviewed in [70], [114]). “Desert” TME displays no T cell infiltration, which can be a consequence of 

defective DCs-mediated priming. “Immune-excluded” tumors are characterized by the presence of T cells, 

but their localization is restricted to the periphery of the tumor. This defect in T cell infiltration within the 

tumor bed might result from a downregulation of adhesion molecules, aberrant chemokine pattern, or 

the expression of suppressive cytokines that act as a physical barrier. The last category called “Inflamed” 

tumors display T cell infiltration, yet these T cells fail to control tumor progression. 

CD8+ T cells have the ability to kill tumor cells and are thus the main effectors of the anti-tumor 

response. CTLs infiltration is associated with good prognosis in most cancer types [75], [115]. However, in 

the TME, chronic antigen stimulation associated with lack of costimulatory signals impairs efficient T cell 

priming and activation [116]. In addition, interaction with immunosuppressive ligands expressed by 

immune and non-immune cells, deprivation of nutrients and oxygen as well as inhibitory cytokines 

progressively drive the T cells in the TME toward a dysfunctional state, called exhaustion [116]–[118]. 

Exhausted T cells display sustained upregulation of inhibitory receptors (e.g., PD-1, CTLA-4, Tim-3, LAG-3), 

loss of effector functions, impaired proliferation as well as characteristic metabolic, transcriptional and 

epigenetic changes [118]–[121]. The path toward a terminally differentiated exhausted phenotype occurs 

gradually [122]. T cells effector functions such as IL-2 production or proliferative abilities are lost at an 

early stage, followed by the loss of TNF-α, and finally the loss of IFN-γ expression [122]. Expression of 

inhibitory immune checkpoint receptors as well as transcriptional profiles differ between early (i.e., 

reversibly) and terminally dysfunctional T cells [122]–[124]. This results in a coexistence within the TME 

of different dysfunctional T cell populations with various phenotypic and transcriptomic profiles [124]. 

Therefore, the analysis of tumor infiltrating T cells and the association of a given CD8+ T cell subset with 

a specific functional status (effector, pre-dysfunctional, terminally exhausted) is complex and requires the 

integration of several layers of information [125] (phenotypic markers as well as transcription factors are 

shared by normal and exhausted cells at different stages and in different contexts [50], [126], [127]). 

Reversing an exhausted phenotype or “reinvigorating” CD8+ T cells can be sometimes achieved by 

targeting inhibitory immune checkpoints with monoclonal antibodies (mAbs) [41], [42], [125]. This 

approach has been fully validated in the clinic for CTLA-4 and PD-1/PD-L1 [41]. The targeting of additional 

immune checkpoints is currently being investigated in clinical trials [128], [129], [64], [130]. 
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1.3.3.6. Regulatory T cells 

The presence of Tregs in tumors is associated with a poor clinical outcome [30], [33], [131]. 

Depletion of Tregs, via mAbs targeting CD25, OX40, or glucocorticoid-induced TNF-related protein (GITR) 

has shown promising anti-tumor effects in preclinical models, but has not been translated yet into a 

clinical success [30]. The lack of targeting specificity resulted in the concomitant depletion of effector T 

cells in the periphery rather than the depletion of Tregs in the TME, and was associated with autoimmunity 

[131]. In contrast, successful targeting of Tregs has been achieved with anti- CTLA-4 mAbs [8], [132]. 

Ipilimumab, an anti-CTLA-4 monoclonal antibody, was the first immune checkpoint inhibitor to be 

approved by the FDA (in 2011). Ipilimumab monotherapy resulted in long term survival of a fraction of 

metastatic melanoma patients [133]. Ipilimumab is thought to act on the T cells at two different sites: in 

the TME, which allows to relieve the immune suppression mediated by Tregs, and in the lymph nodes, 

where it is believed to enhance effector T cell priming and activation [132], [134]. However, the use of 

CTLA-4 inhibitors in the clinic is often associated with severe immunotoxicity [134].  

 

1.3.4. Non-immune components 

1.3.4.1. Fibroblasts and extracellular matrix 

Fibroblasts are structural cells involved in the production of collagen and extracellular matrix. 

Upon exposure to growth factors, cytokines and other molecules secreted by the tumor and the immune 

cells, fibroblast acquire pro-tumorigenic abilities [135]. It has been shown that cancer associated 

fibroblasts (CAFs) can secrete soluble factors, chemokine and cytokines, enzymes and extracellular matrix 

components to support tumor progression, angiogenesis and metastasis [136]. However, since CAFs are 

a phenotypically and functionally heterogeneous population and cannot be easily differentiated from 

their normal counterparts, the development of targeted treatments might be challenging [137].  

1.3.4.2. Endothelial cells 

Fast growing tumors require enhanced blood to sustain the need for nutrients [138]. Tumor 

development causes structural stress as well as hypoxic conditions that trigger secretion of proangiogenic 

factors such as vascular endothelial growth factor (VEGF) and angiopoietin (ANG2) by various types of cell 

(cancer cells, endothelial cells, stromal cells) [139]. These factors stimulate endothelial cells proliferation 

and the creation of new blood vessels [140], [141]. Yet, the vasculature that develops in cancer is 

disorganized and structurally altered, creating an immunosuppressive hypoxic and acidic environment 

[141], [142]. In addition, endothelial cells within the TME show abnormal expression of surface adhesion 
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molecules that impair immune cells trafficking and infiltration [143]. Lastly, expression of inhibitory 

immune checkpoints such as PD-L1 can also be induced on endothelial cells [144].  

 

1.4. Monoclonal antibodies 

Antibodies, or immunoglobulins (Ig), are proteins produced by the B cells and are the humoral 

response against foreign molecules or pathogens [11]. Based on structure and functions, human 

antibodies can be classified into 5 groups (or called isotypes): IgA, IgD, IgE, IgM and IgG [11]. The latter 

group is the main class used for therapeutic applications [11], [145], [146]. This section will focus on the 

IgG subclass and its characteristics.  

 

1.4.1. IgG structure 

IgG are Y-shaped proteins composed of two identical heavy chains and two identical light chains 

linked together by disulfide bonds (Fig. VI) [147]. Each heavy chain displays three constant domains (CH1, 

CH2 and CH3) and one variable domain (VH). The light chains have two domains, a constant (CL) and a 

variable domain (VL) [11]. The variable domains (VH and VL) of the antigen-binding fragment (Fab) are the 

regions that bind to the antigen. Among each variable domain, three hypervariable regions, called 

complementary determining regions (CDRs), create the antigen binding site (the paratope) and define the 

antibody specificity. Homodimerization of the CH2 and CH3 domain creates the fragment crystallizable 

(Fc) domain that mediates the effector functions of the antibody [11].  

The IgG isotype can be further divided in subfamilies according to the sequence differences in the 

Fc part [11]. The Fc part of the antibody can mediate effector functions via binding to Fcγ receptors (FcγRs) 

or by activation of the complement cascade [148]. Each isotype binds to different receptors with various 

affinity and thus results in different effector functions. Humans and mice possess four different 

subgroups: IgG1, IgG2, IgG3 and IgG4 for humans and IgG1, IgG2a, IgG2b, IgG3 in mice [11], [147]. 

Depending on the FcγR they bind, the IgG are categorized either as active Fc, such as human IgG1 or the 

mouse IgG2a or effector-reduced, such as the mouse IgG1 and the human IgG4. 
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Figure VI: Structure of an antibody molecule and antigen biding sites. (A), Cartoon depicting a secreted IgG molecule. (B) Cartoon 
depicting the antigen binding site formed by the complementarity determining regions (CDRs). Modified from [11]. 

 

1.4.2. Fc gamma receptors (FcγRs) 

FcγRs are expressed at the surface of innate immune cells. In mice and in humans, FcγR can be 

either categorized as activating or inhibitory [149]. Each FcγR has different affinities for different IgG 

isotypes and a different distribution pattern in immune cells [147]. For example, the mouse FcγRIV has a 

high affinity for mouse IgG2a and mIgG2b isotype while mouse FcγRIIB preferentially binds to mIgG1 and 

mIgG3 (Fig. VII) [149]–[151].  

Interaction between antibodies and FcγR allows to bridge the adaptive and the innate immune 

responses [11]. Indeed, the binding of antibodies harboring an active Fc (such as human IgG1 or mouse 

IgG2a) to FcγRs triggers strong effector mechanisms that lead to the killing of opsonized cell via several 

mechanisms such as antibody-dependent cell phagocytosis (ADCP) or antibody-dependent cellular 

cytotoxicity (ADCC) [145], [152].  
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Figure VII: Mouse and human Fcγ receptors. Mouse activating FcγRs: FcγRI, FcγRIII, and FcγRIV. Mouse inhibitory FcγRs: FcγRIIB. 
Human activating FcγRs family: FcγRIA, FcγRIIA, FcγRIIC FcγRIIIA FcγRIIIB. Human inhibitory FcγRs: FcγRIIB. Modified from [153] 

 

1.4.3. Development of monoclonal antibodies  

Acquiring substantial quantities of pure monoclonal antibodies (mAbs) for therapeutic purposes 

was challenging until the large-scale implementation of the hybridoma technique [154]. Antibodies 

obtained with this technique were murine IgGs specific to human proteins (therapeutic targets). However, 

the use and efficacy of mouse antibodies in humans was hampered by their immunogenicity. [155] [146], 

[156], [157]. Subsequent technological developments partially solved this issue with the creation of 

chimeric or humanized mAbs with substantially reduced murine sequence content [156], [158]–[161]. 

Ultimately, the discovery of the phage display technology enabled the generation of fully human 

antibodies [162]. Libraries of phages expressing antibody fragments (corresponding to the antibody 

variable regions) can be amplified in bacteria, selected and screened against the desired target in vitro 

[163]–[165]. This method allows for a high throughput screening and a fast generation of fully human 

monoclonal antibodies. 
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1.4.4. Monoclonal antibodies targeting immune checkpoints 

Nowadays, immune checkpoint blockade with anti CTLA-4 , anti-PD-1 or anti-PD-L1 mAbs is 

arguably the most widely used immunotherapy approach [146]. While the introduction of ICI therapies 

revolutionized cancer treatment in a number of indications, ICI therapy works for a fraction of patients 

and treatment efficacy can decline with time due to resistance mechanisms [155], [166]. Increasing the 

therapeutic success rate could be achieved by combining ICIs between them or with other types of cancer 

treatments. In particular, the combination of CTLA-4 and PD-1/PD-L1 blockade resulted in higher efficacy 

in melanoma or lung cancer, but is also associated with increased toxicities as compared to single agent 

therapies [167]–[169] 

 

1.4.5. Bispecific antibodies 

Bispecific antibodies (bsAbs) allow to engage two different targets either at the surface of the 

same cell or on two different cells, thus allowing for novel mechanisms of action and more selectivity as 

compared to mAbs [170]. In addition, they present potential advantages over combinations, such a 

decreased l toxicity. 

Difficulties related to antibody engineering and industrial-scale production limited the 

development of bsAbs in the 90’s. Since then, most of these technical hurdles have been solved and there 

are currently more than 100 different bsAbs formats available for therapeutic antibody development (Fig. 

VIII). Each format has its own properties with regards to the structure, flexibility or specificity [171]. BsAbs 

can be split in two categories: the ones that mimic the native antibody structure and thus have an Fc part, 

and fragment-based bsAbs which do not have an Fc part (Fig. VIII) [172], [173]. Stability, productivity yield 

and potential immunogenicity due to engineered (unnatural) antibody sequences remain the main 

challenges for therapeutic bsAb development. Nonetheless more and more bsAb therapeutics are being 

tested in the clinic (over 50) and three have already been approved [173], [174] 

1.4.5.1. Κλ body 

Novimmune has developed a phage display platform that allows generating bispecific antibodies 

composed of a fixed (common) heavy chain associated with two different light chains (one κ and one λ). 

This bsAb format is referred to as the κλ-body [175]. The two different light chains drive the antigen 

specificity of the bsAb. The three chains are co-expressed from a single vector which results in an antibody 

mixture composed of 2 mAbs (one κ and one λ) and a κλ body bsAb. The fact that one of the bsAb arms 
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bears a k light chain and the other a l light chain allow for a generic three-step purification process with 3 

different affinity resins binding to (1) the Fc portion, (2) the κ chain constant region and (3) the λ chain 

constant region. This approach allows to easily separate the kl bsAb from the two mAbs (ll and kk). κλ 

bodies are fully native fully human IgGs. The absence of engineered non-native sequences in the kl-body 

limits the risk of immunogenicity in the clinic. 
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Figure VIII: Some of the bsAbs formats available. BsAbs are categorized depending on their structure (source: [172]). 
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1.5. PD-1/PD-L1 axis  

Programmed cell death protein 1 (PD-1; CD279) is a immune checkpoint receptor upregulated 

following T cell priming and activation [53]–[55]. PD-L1 is the principal ligand for PD-1 and is generally 

expressed at low levels in various immune and non-immune cells [49]. It is also expressed in some cancer 

cells and gets often upregulated in the TME, contributing to immunosuppression [58], [59], [176].  

 

1.5.1.  Expression and interactions 

1.5.1.1. PD-1 and PD-L1 expression 

PD-1 can be expressed by T cells, B cells, activated monocytes, macrophages, DCs, natural killer 

(NK) cells [177]. The dynamic of PD-1 expression has been extensively characterized for T cells. Upon T 

cell activation and TCR signaling, several transcription factors such as NFATc1 or Notch promote a rapid 

upregulation of PD-1 [62], [178]. Following T cell differentiation and antigen clearance, PD-1 expression is 

downregulated by another set of transcription factors, such as T-box expressed in T cells (T-bet) or B 

lymphocyte induced maturation protein 1 (Blimp-1) [178]–[182]. Recently activated T cells express high 

levels of PD-1 while effector cells (T-bet+) express low levels of PD-1 [62], [116], [183], [184]. 

PD-L1 is a transmembrane protein that belongs to the immunoglobulin family. It consists of an Ig-

V like and Ig-C-like extracellular domain, a transmembrane domain and a cytoplasmic domain which lacks 

signaling motifs [185]. PD-L1 is constitutively expressed on a wide variety of cell types, both of 

hematopoietic (i.e. T cells, B cells, macrophages, DCs) and non-hematopoietic lineages (i.e. endothelial 

cells, mesenchymal stem cells) [60], [177]. Cell surface PD-L1 expression was found to be upregulated by 

IFN-γ and other inflammatory stimuli [58], [59], [177].  

1.5.1.2. PD-1/PD-L1 interaction in trans 

Upon interaction with PD-L1, the intracellular domains of PD-1 are modified. The cytosolic 

immunoreceptor tyrosine-based inhibition motif (ITIM) and immunoreceptor tyrosine-based switch motif 

(ITSM) are phosphorylated, thus triggering the recruitment of two phosphatases, SHP-1 and SHP-2 [181], 

[186], [187]. These phosphates subsequently restrain T cell priming by inhibiting the signaling downstream 

of CD28 and TCR [54], [187], [188] . In physiological conditions, PD-1 /PD-L1 interaction can occur in 

different contexts and sites [189]. In the lymphoid organs, binding of PD-L1 to PD-1 during T cell priming 

drives an inhibitory signal that limits the extent of priming of naïve T cells [55]. At the periphery, T cells 

can be reactivated upon the encounter with their cognate antigen [189]. In this context, the PD-1/PD-L1 
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interaction delivers an inhibitory signal that counteracts the T cell activation during immune responses 

and inflammation. Specifically, PD-1 signaling inhibits T cell effector functions such as cytokine production 

and proliferation and modifies T cell metabolism [56], [186]. Thus, the PD-1/PD-L1 immune checkpoint 

serves to protect tissues from potential damage resulting from excessive and/or persistent T cell 

activation and is a critical mediator of tolerance and immune homeostasis [180]. [53], [54], [177][56] . PD-

1 also enhances tolerance by promoting Tregs differentiation [190]. 

1.5.1.3. PD-1/PD-L1 interaction in cis 

Interaction of PD-1 and PD-L1 does not only occur in trans, but also in cis on double positive cells. 

A recent study showed that the interaction between PD-1 and PD-L1 in cis, either on cancer cells or on 

APCs, may result in an immunostimulatory effect by preventing the binding of PD-L1 in trans, to PD-1 

expressed on T cells [191].  

1.5.1.4. PD-L1/CD80 interaction  

PD-L1 interacts with CD80 in cis on APCs, and this interaction can enhance T cells response [192], 

[193]. The interaction with CD80 in cis engages PD-L1 and prevents it from interacting in trans with PD-1 

on T cells [193]. In addition, the lateral interaction between PD-L1 and CD80 protects CD80 from removal 

by a CTLA-4 through transendocytosis while still enabling the interaction of CD80 with CD28 [194].  

 

1.5.2.  PD-1 and PD-L1 expression in cancer  

In the context of cancer, the PD-1/PD-L1 pathway promotes immunosuppression and tumor 

immune escape. Both PD-1 and PD-L1 are often highly expressed in the TME and their interaction limits 

local T cell activation and cytotoxic T cell responses [56]. 

PD-1 gets highly expressed on tumor-reactive T cells in the TME, as a result of chronic antigen 

exposure and constant TCR signaling [118], [124], [195]. High and sustained PD-1 expression drives T cells 

toward an exhausted phenotype characterized by the expression of additional immune checkpoints, as 

well as by a progressive loss of effector functions [116], [118], [119], [196]. In the TME, PD-1 can also be 

expressed on macrophages and monocytes [197], [198] .High expression of PD-1 on TAMs was found to 

correlate with M2-like phenotype and inhibition of phagocytic potential [197]. Myeloid-specific deletion 

of PD-1 resulted in polarization of MDSCs toward pro-inflammatory monocytes and in enhanced tumor 

control [77].  
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PD-L1 is expressed on tumor cells and myeloid cells in the TME, such as DCs and macrophages 

[176], [177], [199]–[201]. Macrophages, monocytes and DCs can upregulate PD-L1 expression following 

activation [177]. PD-L1 expression on tumor cells can be modulated by several mechanisms (reviewed in 

[199]), such as oncogenic transcription factors (MYC, RAS, HIF1α) or inflammatory stimuli (IFN-γ, LPS, TNF-

α) The latter can also upregulate PD-L1 on immune and non-immune cells such as endothelial cells [144].  

 

1.5.3. Blockade of PD-1/PD-L1 pathway enhances anti-tumor responses 

Early studies showed that blocking the interaction between PD-1 and PD-L1 with a monoclonal 

antibody restored the anti-tumor response by releasing the brake on CD8+ T cell-mediated killing [7]. This 

approach was rapidly moved to the clinic where anti-PD-1 and then anti-PD-L1 mAbs showed unparalleled 

anti-tumor activity [10]. In that primary canonical view, PD-L1 is expressed by tumor cells to inhibit T cell 

activation and to promote T cell exhaustion. While this is certainly true, this view has been complexified 

by several studies demonstrating the key role of PD-L1 expressed by non-tumor cells both within the TME 

and in the tumor draining lymph nodes.  

1.5.3.1. Importance of PD-L1 expression is not restricted to tumor cells 

PD-L1 expression on tumor cells has been shown to be a poor predictor of response to PD-/PD-L1 

blockade in the clinic, given that anti-PD-L1 mAb efficacy was also observed in patients with PD-L1-

negative tumors [202]. Based on this, several preclinical experiments were conducted to understand the 

importance of PD-L1 expression on host cells versus cancer cells. PD-L1 deletion on either host cells or on 

tumor cells resulted in a better tumor control, suggesting that both were important for dampening of the 

antitumor immunity [203]. What is more, some studies showed that PD-L1 expression on host cells, in 

particular on myeloid cells – and not PD-L1 expressed on tumor cells – was the key target of PD-L1 mAbs 

[204]–[206]. DCs express high levels of PD-L1 and blocking PD-L1 on DCs seems to be critical for anti-PD-

L1 efficacy [101], [207], [208]. Collectively, both PD-L1 on tumor and on host cells inhibit antitumor T cell 

responses [209], [210].  

1.5.3.2. Lymph nodes are critical for the PD-1/PD-L1 response 

The efficacy of PD-1/PD-L1 blockade relies not only on blocking that immune checkpoint in the 

TME but also in the tumor draining lymph nodes (TdLN) [206], [208], [210]. Blockade of T cell egress or 

physical removal of the TdLN abrogated the efficacy of anti-PD-1 treatment [211]. On the other hand, a 

minute, suboptimal dose of anti-PD-L1 mAb injected directly into a TdLN was shown to be sufficient for 
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boosting CD8+ T cell responses in the TME [212]. Altogether, these data suggest that blockade of the 

immune checkpoint PD-1/PD-L1 in the TdLN could be as important as its blockade in the TME [213]–[215].  

 

1.5.3.3. Early exhausted CD8+ T cells respond to PD-1/PD-L1 blockade 

It is well established that not all CD8+ T cells in the TME are responsive to PD-1/PD-L1 the 

blockade. Various CD8+ T cells subsets can be found in the TME including tumor reactive T cells, bystander 

T cells (i.e., not specific for tumor antigens), memory T cells [216], [217]. Exhausted T cells represent a 

heterogeneous population [218]. Among them, the so called early dysfunctional T cells are characterized 

by stem-like properties and intermediate expression of inhibitory checkpoints (PD-1+/- Tim-3-TCF-1+) 

[218]. On the other hand, terminally exhausted T cells in the TME are not able to proliferate and express 

high level of inhibitory receptors (PD-1++ Tim-3+ TCF-1-) [219], [220]. Recent studies showed that the 

early dysfunction pool can self-renew or differentiate toward terminally dysfunctional state [221]. This 

early dysfunctional subset can also respond to PD-1/PD-L1 blockade and expend while terminally 

exhausted T cells cannot [218], [220], [222]. Yet, it is still unclear what are the characteristics of the subset 

that reactivates tumor-killing functions upon PD-1/PD-L1 blockade. Due to heterogeneity and possible 

overlap of different subsets categorized as pre-dysfunctional, the exact identity of the precursor subset 

which is at the origin of the “reinvigorated” T cells is uncertain [219], [221], [223].  

 

1.5.4. PD-1/PD-L1 inhibitors  

In 2014, two anti-PD-1 mAbs, pembrolizumab and nivolumab were approved by the FDA. Their 

approval was subsequently followed by three anti-PD-L1 mAbs (atezolizumab, durvalumab, avelumab) 

(Fig. IX) [224]. Therapeutics targeting the PD-1/PD-L1 axis are currently used for the treatment of several 

cancer types. Recently, a 3rd anti-PD-1 mAb (cemiplimab) has been approved by the FDA [189].  

 

Figure IX: Comparison of FDA approved anti-PD-1 and anti-PD-L1 inhibitors. Anti-PD1 (nivolumab and pembrolizumab) and anti-
PD-L1 (atezolizumab, avelumab and durvalumab) mAbs showed different characteristics with regards to the epitope they target, 
or their structure. Modified from [225] 
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1.5.5. Resistance to immune checkpoint inhibitors 

Although strong and consistent responses were observed following CPI treatment in some cases, 

the majority of patients does not respond [24], [226]. This lack of efficacy is called primary resistance. 

Additionally, patients that experienced a positive response in the first place, can subsequently develop 

resistance mechanisms, which is called acquired resistance [227]. In both cases, resistance mechanisms 

can be intrinsic to the tumor or extrinsic [228]. Among the intrinsic factors are low tumor immunogenicity 

as well as downregulation of MHC I expression [229]. Similarly, increased expression of inhibitory ligands 

on tumor cells as well as production of immunosuppressive cytokines (TGF-β, VEGF) by tumor cells 

following the modification of oncogenic pathways accounts for intrinsic resistance mechanisms. Extrinsic 

resistance can come from other immunosuppressive cells in the TME, either Tregs, TAMs, or endothelial 

cells. With regards to the acquired resistance, intrinsic mechanisms can also encompass downregulation 

or modification of tumor antigens or compensatory upregulation of additional immune checkpoints / 

ligands [169], [229], [230] 

Combination strategies targeting different tumor-promoting pathways and mechanisms aim at to 

preventing and/or overcoming resistance issues [228]. As a consequence, the bulk of current clinical 

research investigating PD-1/PD-L1 pathway inhibitors (roughly 4000 active clinical trials [231], [232] 

involve combinations with other treatment modalities (chemotherapy, radiation, targeted therapies 

antitumor antibodies or other ICIs, oncolytic viruses, cancer vaccines, bispecific antibodies, etc…) 
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1.6. CD47/SIRPα axis  

CD47 is a broadly expressed cell surface receptor with diverse immune and non-immune functions 

[233]–[235]. The best described role of CD47 is mediated through its interaction with SIRPα (signal-

regulatory protein-α) on myeloid cells, including APCs, such as macrophages and dendritic cells, where it 

acts as a “don’t eat me” signal inhibiting phagocytosis [236]–[241]. CD47 serves therefore as a universal 

“marker of self” for innate immune recognition [237], [238] [239]. Understandably, the vast majority of 

cancers overexpress CD47, which helps them escaping phagocytosis and anti-tumor immunity in general 

[242]. In a broader context, CD47 is now regarded as an important innate immune checkpoint contributing 

to cancer immune evasion [243]. As a consequence, inhibitors of CD47/SIRPα interaction became a major 

focus of drug development efforts in the last decade [243]–[245]. 

 

1.6.1.  CD47 structure and expression 

CD47 is a type III transmembrane glycoprotein that belongs to the immunoglobulin superfamily. 

It consists of V-like extracellular domains, five transmembrane domains and a short cytoplasmic tail. The 

C terminal part does not have a signaling domain and CD47 signaling occurs via lateral interactions with 

integrins [246]. The cytoplasmic tail can be alternatively spliced into four isoforms with distinct expression 

patterns [234], [247]. Besides SIRPα, CD47 interacts with other proteins such as closely related receptor 

SIRPγ, thrombospondin-1 (TSP-1), a secreted matricellular glycoprotein, and with integrins in cis (i.e., in 

the same plasma membrane) [248], [249]. Expression of CD47 is elevated on hematopoietic cells and can 

vary depending on the cell type and the development status. [250], [251]. CD47 expression can also be 

modulated by other factors, like inflammation or infection [252].  

 

1.6.2. Immune functions of CD47 

CD47 is involved in the regulation of various functions important for immune system homeostasis, 

such as apoptosis, cell adhesion, proliferation, migration, and phagocytosis [233].  

1.6.2.1. CD47 and migration 

CD47 is implicated in leukocyte migration. Neutrophils deficient for CD47 showed impaired 

transendothelial and transepithelial migration [253], [254] and the absence of CD47 expression in DCs 



38 
 

impairs their migration to secondary lymphoid organs [255]. CD47-SIRPγ interaction plays an important 

role in T cell transendothelial migration [256]. 

1.6.2.2. CD47 and T cell functions 

Some older studies suggest a role of CD47 in T cell differentiation and activation. For instance, 

anti-CD47 mAbs were shown to enhance the proliferation of activated human T cells ex vivo [257]. In 

contrast, CD47 expressed by naïve T cells inhibited their activation upon interaction with TSP-1 [249], 

[258] Finally, the TSP1/CD47 interaction has also been shown to promote Treg differentiation [259]. In 

general, the roles of CD47 in T cell biology are complex and poorly understood, and seem to depend on 

the immune context and T cell activation status [260]. 

1.6.2.3. CD47 and phagocytosis 

The regulation of phagocytosis via interaction with SIRPα is the best characterized function of 

CD47. SIRPα is a transmembrane receptor expressed principally in neurons and in immune cells of the 

myeloid lineage such as macrophages, dendritic cells, monocytes and granulocytes [261]. SIRPα is an 

inhibitory receptor – its cytoplasmic tail contains two immunoreceptor tyrosine-based inhibition motifs 

(ITIM), which, upon phosphorylation, activate SHP-1 and SHP-2 phosphatases leading to the 

dephosphorylation of several substrates including myosin IIA, which in turn inhibits the cytoskeleton 

rearrangement required for phagocytosis [236], [262], [263]. [237]. The role of CD47 to regulate cell 

phagocytosis has been described at first for red blood cells [240]. In senescent red blood cells, the 

decrease in CD47 cell surface expression and changes in CD47 membrane mobility modify the balance in 

favor of pro-phagocytic signals (such as calreticulin) and trigger their removal by splenic macrophages 

[241], [264]. In normal physiological conditions, pro-phagocytic signals are mostly expressed at the surface 

of damaged or apoptotic cells but are absent from healthy cells [265]. Blockade of CD47/SIRPα per se is 

usually not sufficient to trigger phagocytosis and needs to be associated with pro-phagocytic signals, such 

as Fcγ receptor crosslinking by antibody opsonizing a target cell [266]–[268].  

 

1.6.3.  Targeting CD47 in cancer 

As mentioned above , the majority of cancer types overexpress CD47, a feature that is associated 

with poor prognosis [242], [245], [269]–[274]. Likewise, CD47 overexpression is also a common feature of 

cancer cell lines used in preclinical studies [251], [269], [272], [275], [276].  
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1.6.3.1. Preclinical studies 

First preclinical studies evaluating the effect of anti-CD47 mAbs on tumor growth following 

engraftment of human tumor cells in immunodeficient mice (of note, human CD47 interacts with mouse 

SIRPα) showed enhanced phagocytosis of cancer cells and impressive tumor regression in vivo [269], 

[270], [272]. These early studies have clearly demonstrated that both the blockade of CD47 on human 

tumor cells (the “don’t eat me” signal) and the engagement of activating Fcγ receptors by the Fc portion 

of the antibody (the prophagocytic “eat me” signal) were necessary and sufficient for the induction of 

phagocytosis and for efficient tumor elimination in vivo [269], [277]–[279]. In contrast to these early 

xenograft studies, the therapeutic efficacy of anti-CD47 mAbs in syngeneic models turned out to be 

generally more mitigated [280], [281] [282]. The reasons for this decreased efficacy with syngeneic models 

are not known but could be related to the expression pattern of the target antigen in syngeneic versus 

xenograft models (ubiquitously expressed mouse CD47 versus tumor-restricted human CD47, respectively 

– the anti-human CD47 mAbs used in xenograft experiments usually do not cross-react with the mouse 

antigen). Anti-mouse CD47 mAbs used in syngeneic models are thus exposed to the huge “antigen sink” 

represented by abundant CD47 on healthy tissues, negatively affecting pharmacokinetics and tumor 

exposure e[237], [283] [243], [279], [284]. Notwithstanding the problems outlined above, the current 

tendency with preclinical studies of CD47 inhibitors is to use immunocompetent mouse models. Syngeneic 

models provide a better understanding of the mechanism of action of molecules targeting the CD47/SIRPα 

pathway, given its complex interactions with the host immune system [285]. Specifically, the concept of 

CD47 being an immune checkpoint rather than just a “don’t eat me” signal downregulating macrophage 

phagocytosis was developed and adopted thanks recent mechanistic studies in immunocompetent mouse 

models. Among others, syngeneic mouse studies demonstrated that CD47 blockade effectively promotes 

adaptive anti-tumor immunity and that it is the T cells and the DCs – rather than macrophages – which 

are the critical immune effectors of antitumor response induced by CD47 inhibitors [280], [286]–[288]. 

1.6.3.2. Targeting CD47 in the clinic 

Therapeutic targeting remains challenging for CD47, due to its ubiquitous expression in healthy 

tissue. For this reason, the Fc effector functions of most CD47 inhibitors tested in the clinic (CD47 mAbs, 

SIRPα-Fc fusion proteins) are downregulated or silenced. Clinical studies with these molecules confirmed 

preclinical observations, namely that CD47/SIPRα blockade is not sufficient per se and, for an optimal 

effect, needs to be combined with prophagocytic signals provided either by chemotherapy or by 

traditional tumor-targeting IgG1 mAbs (endowed with full Fc effector functionality, e.g., rituximab, refs 

[268], [279], [289], [290]). On the other hand, current clinical experience with CD47 inhibitors endowed 
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with IgG1 Fc portion is limited, especially after the early trials with an SIRPα-IgG1Fc experimental drug 

TTi-621 demonstrated dose limiting toxicities at low doses (0.2 mg/kg, principally thrombocytopenia) 

[291], [292].  

Thus, while human IgG4-Fc based or effector-less CD47 mAbs or SIRPα-Fc fusion proteins display 

better tolerability in patients (however, still showing unfavorable PK and some residual hematotoxicity 

issues) their clinical efficacy is limited by the lack of Fc-mediated effector functions [293]–[296]. 

Nonetheless , despite having a limited efficacy as monotherapy, targeting CD47 with such molecules is a 

promising approach to enhance anti-tumor activity in combination as demonstrated in several studies 

[297], [298]. About 10 different anti-CD47 mAbs and 4 SIRPα-Fc fusion proteins are currently at various 

clinical stages [243], [245]. Among them, the anti-CD47 mAb magrolimab (Hu5F9-G4) is the most 

advanced molecule, currently in Phase II clinical trials. It is a fully human anti-CD47 mAb with an hIgG4 

backbone (i.e., with reduced Fc effector functions) [284], and it has demonstrated promising anti-tumor 

activity when combined with tumor targeting IgG1 mAbs such as rituximab [293]. A low priming dose is 

applied in the clinical protocol to mitigate anemia and the treatment still requires a high and 

frequency/high dose regimen to overcome the CD47 “antigen sink” [293], [294]. Like magrolimab, other 

CD47 inhibitors such as SIRPα-Fc fusion proteins ALX418 or TTI-622 showed promising anti-tumor efficacy 

in combination therapies [243], [244], [299], [300]. Current combination strategies are also testing the 

CD47 targeting in association with immune checkpoint inhibitors, in particular with PD-1/PD-L1 mAbs 

[242], [243].  

1.6.3.3. Bispecific approach in CD47 targeting 

Bispecific antibodies represent an attractive approach for overcoming the drawbacks associated 

with broad/ubiquitous expression of the therapeutic target in healthy tissues, and CD47 targeting can be 

regarded as a paradigm case in this context [245], [301], [302]. Indeed, bsAbs can be designed to associate 

a high affinity “guide” arm which will drive the binding to the tumor cells with a lower affinity effector 

arm in this case, an anti-CD47 arm. Such a bsAb is expected to bind and block CD47/SIRPα preferentially 

on target cells, which increased safety and efficacy by avoiding the “antigen sink” on healthy cells [303]. 

This selectivity allows for endowing the bsAb with an immunologically active Fc portion to enhance its 

tumor-killing capabilities. Alternatively, the other arm of a CD47-blocking bsAb could target another 

immunoreceptor with a more restricted expression pattern, such as PD-L1. Such a bsAb is expected to 

target both PD-L1 positive tumor and PD-L1 positive immune cells, the latter being particularly abundant 

in the tumor microenvironment (TME) [304]. The advantage of a CD47|PD-L1 bsAb over a CD47 and PD-

L1 mAb combination would be that – while performing the same key function as the PD-L1 mAb, i.e., 
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blocking the PD-L1 checkpoint – it would mediate preferential CD47 blockade on PD-L1-positive cells, thus 

mitigating the “antigen sink” related problems. CD47 arm could also be associated with an arm targeting 

T cell activating receptors (such as 4-1BB, CD40L). Preclinical studies have shown promising results with 

different bsAbs targeting CD47 as well as synergistic effects compared to a combination of mAbs [303], 

[305]–[308]. There are currently about 12 different bsAbs targeting CD47 in clinical trials [301]. 

 

1.7. Targeting PD-L1 and CD47 in cancer 

Myeloid cells represent an important population infiltrating solid tumors [309], [310]. Thus, 

combining innate and adaptive checkpoints inhibitors represents a promising approach to enhance anti-

tumor responses. In particular, there is a strong rationale for a joint blockade of CD47 and PD-L1. Both 

PD-L1 and CD47 are overexpressed at the surface of tumor cells [176], [272], [311], [312] and their 

expression is co-regulated at the transcriptional level by the MYC oncogene and hypoxia, a common 

feature of solid tumors [313] [314], [315]. In addition, genetic experiments have shown that silencing of 

both CD47 and PD-L1 in tumor cells leads to strong tumor growth inhibition [316]. And that deletion of 

CD47 on tumor cells increases the sensitivity to PD-1 blockade, suggesting that CD47 overexpression is a 

mechanism of resistance to CPI therapies [317]. Last but not least, pre-clinical studies showed that 

targeting CD47 and PD-L1 with a mAb combination has the potential of enhancing the anti-tumor efficacy 

compared to either monotherapy [286], [289], [299]. Understandably, co-targeting of CD47 and PD-L1 is 

now being evaluated in clinical trials [243], [245]. However, as monospecific CD47-inhibitors suffer from 

poor PK and are associated with hematotoxicity, their clinical success, both as single agents and in 

combination therapies is not guaranteed [318], [319]. As explained above, problems arising from 

ubiquitous expression of CD47 could be mitigated, at least partially, with a bispecific approach. Co-

targeting CD47 and PD-L1 with bispecific antibodies or SIRPα-Fc fusion proteins has been successfully 

validated in proof-of-concept (POC) syngeneic experiments [308], [320], [321] and several bispecific 

experimental drugs have now entered clinical development phase [301] (Fig. X). 
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Name Target Phase Type of diseases 

IBI322 CD47/PD-L1 1 Hematologic Malignancy 

HX009 CD47/PD-1 2 Advanced Solid Tumors 

PF-07257876 CD47/PDL-1 1 Non-small-cell lung carcinoma/ Squamous 
cell carcinoma of head and neck 

6MW3211 CD47/PD-L1 1/2 Advanced Malignant Neoplasm 

SG12473 CD47/PD-L1 1a/1b Advanced Malignant Tumors 

IBC0966 CD47/PD-L1 1/2a Advanced Malignant Tumors 

 
Figure X: bispecific molecules targeting the CD47/SIRPα and PD-1/PD-L1 axis. Adapted from [301]. 
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2. Aim of the study 

Current immunotherapy approaches using immune checkpoint inhibitor (ICI) mAbs have shown 

clinical activity in different types of cancer. However, positive responses are usually confined to just a 

subset of patients [322]. In order to improve the efficacy of ICI, a multitude of combination therapies are 

currently being evaluated in the clinic [323]. The vast majority of ICI combination therapies are built 

around anti-PD-1 or anti-PD-L1 mAbs, the cornerstone of modern immunotherapy, and include a diverse 

array of anti-cancer treatments covering various modes of action [231], [232].  

Combined targeting of PD1/PDL1 and CD47/SIRPα, an innate immune checkpoint, represents an 

emerging therapeutic strategy supported by preclinical evidence and the results of early clinical trials 

[243], [286], [289], [299], [316]. Yet, treatment with CD47-blocking mAbs was found to be associated poor 

pharmacokinetics (PK) and toxic side effects [291], [318], [319] due to ubiquitous expression of the target 

(the CD47 “antigen sink”). Various strategies are being used to overcome this issue, among them targeting 

of CD47 with bispecific antibodies (bsAbs). BsAbs present some potential advantages over mAb 

combinations, such as new modes of action, increased specificity and reduced toxicity. For instance, when 

the two target antigens are co-expressed by the same cell, the bsAb allows their co-engagement at the 

cell surface improving binding selectivity. Thus, bispecific targeting seems particularly appropriate for 

CD47.  

This thesis project evaluated the efficacy of dual blockade of CD47 and PD-L1 with bispecific 

antibodies in syngeneic mouse models, i.e., in the presence of intact innate and adaptive immunity. 

Novimmune proprietary κλ-body platform [175] was used to generate various CD47|PD-L1 bispecific IgGs. 

These bsAbs were designed to have unbalanced affinities: from a mechanistic point of view, an anti-PD-

L1 arm of high affinity drives the binding to cells, with the anti-CD47 of lower affinity contributing to cell 

binding by stabilizing the interaction via avidity [307]. As a result, these bsAbs are expected to block PD-

L1 in an indiscriminate manner, i.e., on all PD-L1 expressing cells, while blocking CD47 preferentially on 

double positive cells, thus alleviating the CD47 antigen sink-related issues.  

Many of the tumor-infiltrating immune cells express both CD47 and PD-L1. Thus, PD-L1/CD47 

bsAbs target not only PD-L1-positive tumor cells, but also and immune cells in the tumor 

microenvironment (TME). Taking that into account, the CD47|PD-L1 bsAbs were generated with different 

Fc effector functions: on one hand, an active Fc portion that could potentially mediate the killing of PD-L1 

positive immune cells in the TME through by ADCP and/or ADCC, on the other hand, a silenced Fc portion 

that would spare PD-L1-positive immune. This antibody toolbox was expected to allow me to assess the 

importance of the Fc portion for the anti-tumor activity of the bsAbs, but also for their pharmacokinetics 
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and safety. It is well recognized that the complex network of host cells in the TME plays a key role in cancer 

immune escape, [69], [75] I therefore took the opportunity to assess the changes induced by bispecific 

antibody treatment in the immune cells infiltrating the TME.  

Last but not least: When looking back at the beginning of my PhD study (2017), a bispecific 

antibody approach to CD47 and PD-L1 targeting looked innovative and unique. However, in the meantime, 

three different labs have published in vivo studies done with bispecific CD47|PD-L1 molecules and the 

same cancer model I predominantly used in my study (MC38 in C57/BL6 mice), clearly demonstrating the 

therapeutic superiority of the bispecific targeting modality over PD-L1 mAb monotherapy, or even over a 

combination of CD47 and PD-L1 mAbs [320], [321], [324]. The results I obtained during my thesis give a 

less clear picture.  
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3. Results 

3.1. Generation and characterization of CD47|PD-L1 mIgG2a bispecific antibodies  

Bispecific antibodies (bsAbs) identified and generated with the κλ body platform [175] are 

unmodified, fully human immunoglobulins G (IgGs). They have a common heavy chain and two different 

light chains that drive the specificity of the arms against the two target antigens (Fig. 1). The fully human 

format should allow for low immunogenicity in patients. BsAbs generated against mouse targets were 

made as human-mouse chimeric mIgG2a molecules containing a minimum of human sequences, in order 

to minimize their immunogenicity in mice. With this approach, the human variable domains (heavy, κ and 

λ light chains) were associated with mouse heavy and light chain constant domains. Such a chimeric 

human-mouse mIgG2a molecule is depicted on Fig. 1.  

 

The bsAb generated to target PD-L1 and CD47 are designed with an unbalanced affinity: a high-

affinity anti-PD-L1 arm is associated with a lower affinity arm that binds mouse CD47. The reduced affinity 

for CD47 limits monovalent binding but allows for efficient blocking of CD47 upon coengagement on cells 

positive for PD-L1. In addition, our aim was that such bsAb has the ability to reach a similar PD-1/PD-L1 

blocking level as the anti-PD-L1 mAbs. 

 

 

Figure 1: Schematic representation of the bsAb κλ body format as a fully human κλ body (left) or as a chimeric human-mouse 
κλ body (right). Variable human regions are grafted on constant regions of mouse heavy and light chains. Variable (VH) and 
constant (CH) heavy chains, gray; κ light variable (VL) and constant (CL) chains, green; λ light variable (VL) and constant domain 
(CL), blue. Domains of human origin are in light colors while the ones of mouse origin are in dark colors.  
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3.1.1.  PD-L1 and CD47 expressing cells 

To test and characterize the different monoclonal antibodies (mAbs) and bispecific antibodies 

(bsAbs), different cell lines were used (Table 1). Transformed Human Embryo Kidney epithelial cells (PEAK 

cells) expressing either mouse CD47 (mCD7) or mouse PD-L1 (mPD-L1) were generated. In addition, a 

panel of mouse cell lines naturally expressing CD47 and/or PD-L1 were selected. The expression of PD-L1 

at the cell surface, and of CD47 to a lesser extent, could be modulated by stimulating the cells with 

recombinant mouse interferon-γ (mIFN-γ) [201], [325]. The target antigen densities characterized by 

QIFIKIT (DAKO) were summarized in Table 1. All cell lines showed an unbalanced expression of the two 

targets, with CD47 expression levels consistently higher than PD-L1 levels. A20 and B16F10 cell lines 

exposed to mIFN-γ showed the least unbalanced ratio of 1.5 CD47 molecules for 1 PD-L1 molecule. These 

different cell lines were used for selection, screening, and bsAb characterization. 

 

Transfected cell lines 
  WT    

Cell name Cell origin # PD-L1 # CD47       
PEAK mPD-

L1 
Human kidney cells transfected with mouse PD-
L1 363000 N/A    

PEAK 
mCD47 

Human kidney cells transfected with mouse 
CD47 N/A 414000    

         

Mouse native cell lines 
  WT  +IFN-γ  

Cell name Cell origin # PD-L1 # CD47   # PD-L1 # CD47 
4T1 Mammary carcinoma 8000 134,000  28,000 188,000 

CT26 Colon carcinoma 7000 88,000  29,000 128,000 
L1.2 Pre-B lymphoma <500 98,000  3000 172,000 

MC38 Colon carcinoma 10,000 78,000  42,000 104,000 
A20 B cell lymphoma 17,000 23,000  23,000 35,000 

B16F10 Skin melanoma 2500 40,500  86,000 130,000 
HEPA 1.6 Hepatocellular carcinoma 6000 90,000   80,000 130,000 

 
Table 1: Cell lines details and antigen expression levels determined with QIFIKIT. Cell name and origin of transfected and mouse 
native cell lines used in this project. On mouse tumor cell lines, PD-L1 and CD47 levels were measured on noninduced cells and 
on cells exposed for to recombinant mouse IFN-γ (40ng/mL).  
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3.1.2. Isolation and characterization of anti-CD47 antibody arms 

Two anti-mCD47 arms (one κ, named GD1, and one λ named mC2) with different affinities to 

mouse CD47 were already identified in a previous project [305]. I wanted to isolate a new anti-CD47 arm 

with a similar affinity as mC2 (λ) but from the κ isotype since the κλ body purification process requires 

different light chain isotypes. To identify a κ candidate, new CD47 arms with a panel of affinities were 

generated and reformatted into hIgG1 monoclonal antibodies (mAbs). To assess binding profile, these 

mAbs were evaluated by flow cytometry analysis on mouse tumor cell lines with known surface expression 

of CD47. The ability of these mAbs to block mouse CD47 was evaluated on L1.2 cells in a competition assay 

with soluble SIRPα. All the candidates were able to bind to CD47 expressed at the surface of cells and to 

block the CD47-SIRPα interaction (Fig. 2A and B). Candidates with a lower binding profile were also the 

ones with lower blocking ability. Among all the candidates generated, the κ anti-CD47 arm 1E5 displayed 

similar binding and blocking properties as mC2 (Fig. 2D-H). To measure the affinity and kinetic parameters 

for CD47, monovalent binding on recombinant mouse CD47 was measured with bio-layer interferometry 

(Octet, Forte Bio). 1E5 and mC2 showed an equilibrium dissociation constant (KD) around 100 nM while 

GD1 has a KD that is in the micromolar range (Fig. 2C). 1E5 and mC2 are referred here as intermediate-

affinity CD47 binders, while GD1 is referred as low-affinity CD47 binder. 
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I evaluated the binding of the CD47 mAbs to red blood cells (RBC) since RBC are known to 

represent an antigen sink for the anti-CD47 antibodies due to the expression of CD47 at their surface and 

their abundance in the blood. Besides, binding of anti-CD47 mAbs to RBCs and platelets is responsible for 

toxic side effects observed in the clinic and in preclinical experiments, such as anemia or 

thrombocytopenia [242]. The binding of the anti-CD47 mAbs to mouse RBCs was assessed by flow 

cytometry and showed a similar binding for 1E5 and mC2 while GD1 showed reduced binding (Fig. 3A). 

1E5 showed strong binding at the concentrations tested (30, 3 and 0.3 ug/mL) while GD1 showed low 

binding at the lowest concentration. Since the bispecific molecules in this project are designed to bind 

CD47 with one arm, the monovalent binding of 1E5 and GD1 to RBC was also evaluated. Monovalent 

constructs (i.e., κλ with an irrelevant arm associated with an anti-mCD47 arm) showed generally lower 

binding compared to the mAbs, and almost no binding at the lowest concentration (Fig. 3B) This decrease 

was even more pronounced with the monovalent construct harboring the GD1 low-affinity anti-mCD47 

arm. Together, these results showed that monovalent binding to RCBs was significantly reduced as 

compared to bivalent (mAbs).  

 

 

Figure 3: 1E5, GD1, and mC2 mAbs binding to red blood cells (RBCs). (A) mAbs binding to purified RBCs from mce (C57BL/6) 
was determined by flow cytometry, and the results were reported as the Mean Fluorescence Intensity (MFI). (B) Bivanlent and 
monovalent binding of the CD47 arms to RBCs were evaluated at 30 ug/mL, 3 ug/mL, and 0.3 ug/mL. Binding results are 
representative of two independent experiments. 

Figure 2 : Generation of a panel of blocking anti-mCD47 mAbs with different affinities. (A) Binding of anti-mCD47mAbs was 
determined by flow cytometry on L1.2 mouse pre-B cell lymphoma cells and was compared to the previously generated mAbs 
mC2 (purple) and GD1 (blue). (B) Binding of labeled recombinant mouse SIRPa-HIS to CD47 expressed at the surface of L1.2 cells 
in the presence of increasing concentration of anti-mCD47 mAbs was assessed using CellInsight CX5 High Content Screening 
Platform. (C) Affinity of anti-mCD47 arms. The affinity was measured using bio-layer interferometry (Octet, Forte Bio) and 
expressed as the KD ± SD. Results are representative of two independent experiments. (D-H) Characterization of the final 
candidates 1E5 (green), mC2 (purple), and GD1 (blue) for binding, to (D) L1.2 cells and (E) B16F10 mouse melanoma cells. Binding 
results shown are representative of multiple independent experiments (F) Cartoon showing the principle of the CellInsight assay. 
(G) Blockade of the CD47/SIRPa interaction on L1.2 cells. (H) Blockade of the CD47/SIRPa interaction on B16F10 cells. Blocking data 
are represented as Mean Fluorescence Intensity (MFI) ± SD of four replicates. 
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3.1.3. Isolation and characterization of anti-PD-L1 antibody arms  

To isolate single-chain variable fragments (scFvs) that specifically bind to the mouse PD-L1 from 

phage display libraries, several selection strategies were performed on recombinant mouse PD-L1 or on 

mouse native cell lines, as well as a combination of both approaches. ScFv candidates that bound the 

recombinant protein and PEAK mPD-L1 cells, were selected. 16 anti-PD-L1 scFv were reformatted into 

hIgG1 mAb and tested for binding on native mouse cell lines and blocking assay. 13 candidates out of 16 

did bind mouse PD-L1 on PEAK mPD-L1 and A20 cells activated with mIFN-γ (Fig. 4A) but did not show 

binding on control PEAK and on A20 KO-mPD-L1 cells (data not shown). One candidate out of 13 did not 

bind to the PEAK mPD-L1 but only on native cells (IgG 6) and thus its blocking ability could not be 

evaluated. Among the reformatted candidates, 12 candidates out of 13 were blockers of the PD-1/PD-L1 

interaction (Fig. 4B). However, their binding affinity and blocking properties were weaker compared to 

the control mAb anti-PD-L1 atezolizumab analog.  

To increase the binding and blocking properties, a round optimization (RO) strategy was further 

performed as described [326]. Following round optimization, a panel of 24 IgGs was identified and tested 

for binding on mouse PD-L1 and blocking of the PD-1/PD-L1 interaction (Fig. 4C and D). From these 24 

IgGs, a selection of 13 IgGs with improved affinity were characterized on mouse native cell lines (Fig. 4E). 

They showed increased binding compared to the IgGs isolated pre-RO and reached a level of cell binding 

close to the atezolizumab analog. Accordingly, several of these mabs blocked the PD-1/PD-L1 interaction 

with potency similar to the atezolizumab analog (Fig. 4F). Finally, a selection of 7 mAbs (4 κ and 3 λ) were 

chosen to be reformatted into mIGg2a κλ bsAbs.  
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Figure 4: Binding of anti-PD-L1 mAbs and blocking the PD-1/PD-L1 interaction. Characterization of anti-PD-L1 mAb isolated 
before (A and B) and after RO (C to F) (A) and (C) binding to PEAK mouse PD-L1 and to IFN-γ activated A20 cells was evaluated at 
3 concentrations by flow cytometry. (B) and (D) Blockade of PD-1/PD-L1 interaction on PEAK mPD-1 cells. Binding of fluorescently-
labeled recombinant mouse PD-L1-Biot to PD-1 on the surface of PEAK mouse PD-1 cells in the presence of an increasing 
concentration of anti-mouse PD-L1 mAbs was detected using CellInsight CX5 High Content Screening Platform. The most potent 
candidates were further characterized: (E) Dose-response binding on B16F10 and CT26 cells activated with mouse IFN-γ was 
assessed by flow cytometry. (F) Blockade of PD-1/PD-L1 interaction on PEAK mPD-1 cells. Binding results are representative of 
three independent experiments. Blocking data are MFI ± SD of two replicates. 
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3.1.4. Generation of the 1st wave of CD47|PD-L1bispecific antibodies  

Anti-mCD47xmPD-L1 κλ bodies were generated by combining the light chains from the antibodies 

generated against mCD47 and mPD-L1 with a common heavy chain [175]. The variable heavy and light 

parts that are from human origin while the constant regions were of mouse origin.  

3.1.4.1. Generation of CD47 hybrid constructs 

The κλ body purification process requires that the two light chains be of the opposing isotype. The 

GD1 CD47 arm is a kappa light chain that can be associated with the lambda PD-L1 arms while for pairing 

with the kappa PD-L1 antibody arms, I needed an CD47 light chain with a constant lambda part. GD1 VH-

VL hybrids were therefore generated, with constant mouse kappa light chain region replaced by constant 

mouse lambda light chain region (Fig. 5A). Three different constructs were generated, each one having a 

different framework sequence linking the variable light chain to the constant light chain. The framework 

four sequence was either fully kappa, fully lambda, or a mix of it (Fig. 5B). The three different hybrids were 

expressed and purified, with their binding to mouse L1.2 cell line similar to WT GD1 kappa antibody (Fig. 

5C).  

 

 

Figure 5: Design and characterization of hybrid constructs. GD1 kappa light chain was converted into different kappa/lambda 
hybrids. (A) Human variable kappa region was combined with mouse lambda constant regions. (B) The proportion of mouse kappa 
light chain sequences in hybrid constructs is shown (underlined) (C) Three lambda hybrids were evaluated for binding on L1.2 cell 
by flow cytometry.  
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First, GD1 mLambda hybrid 1 sequence was selected to be associated with the PD-L1 kappa 

sequences. The light chain hybrids expressed as mAbs, or the bsAbs containing the original GD1 mkappa 

sequences showed no issues in expression and purification. On the other hand, the bsAbs with the GD1 

mLambda hybrid 1 were expressed at very poor levels. Unfortunately, the other two GD1 mouse lambda 

hybrids (2 and 3) were also very poor expressors (data not shown).  

3.1.4.2. Design of new hybrid GD1 constructs for bsAbs generation 

New GD1 lambda hybrid constructs were therefore designed and generated. These constructs 

contained light chain constant regions of human origin (Fig. 6A), which solved the problem of low bsAb 

expression. The hybrid construct 1 contained sequences of human origin in the variable and constant light 

chains, in the CH1 domain, and in the hinge while the CH2 and CH3 domains were from mIgG2a isotype. 

The hybrid construct 2 was similar except for the hinge that was of mouse origin (Fig. 6A). Among the four 

mAbs that were generated based on construct 1, a candidate (GD1 λ hybrid 1-3) showed the same binding 

profile compared to the control GD1 kappa WT (Fig. 6B). This candidate was chosen for the reformatting 

of the bsAbs that have a kappa PD-L1 arm.  

 

Figure 6: Design and characterization of GD1 chimeric constructs. The part of human sequences was increased as compared to 
constructs shown in Fig.6. (A) Two types of constructs were designed with constant heavy region 1 and constant kappa regions 
from human origin. The hinge was of human origin in construct 1 and of mouse origin in construct 2. (B) Binding on L 1.2 cells was 
evaluated by flow cytometry. Binding results are representative of three independent experiments. 

 

Two different approaches to produce the bsAbs: the GD1 kappa arm was associated with three 

different lambda PD-L1 arms (Fig. 7A), while the modified GD1 lambda 1-3 was associated with the kappa 

PD-L1 arms (Fig. 7B). 
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Figure 7: Design of the bsAbs chimeric constructs. (A) BsAbs with a lambda anti-PD-L1 were associated with the anti-CD47 kappa 
arm. Only the variable regions contained sequences of human origins. (B) The part of human origin sequences was increased the 
bsAbs with a kappa anti-PD-L1 arm. 

 

3.1.5. In vitro characterization of the first wave of bsAbs 

3.1.5.1. Binding to cells  

Binding of the first wave of κλ bodies was evaluated by flow cytometry on different cell lines. 

Monovalent binding to mCD47 or mPD-L1 was evaluated using transfected PEAK cells. On mPD-L1 

expressing cells, monovalent binding of bsAbs as compared to the corresponding mAbs or atezolizumab 

was lower, yet significant (Fig. 8A and B). On the other hand, only a marginal binding to mCD47 transfected 

PEAK cells was observed (Fig. 8C), reflecting the unbalanced affinity design of the bsAbs (a high-affinity 

anti-PD-L1 arm associated to a low-affinity anti-mCD47 arm). To evaluate the effect of the co-engagement, 

binding of the bsAbs was tested on double positive cells (B16F10 cells activated with IFN-γ, Fig. 8D). The 

bsAb binding was comparable to atezolizumab analog demonstrating that, while that the PD-L1 arm is the 

main driver for binding on double-positive to cells, the low affinity CD47 arm (GD1) makes a significant 

contribution upon co-engagement 
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3.1.5.2. Blocking of the CD47/SIRPα interaction 

To test their ability to block the CD47/SIRPα interaction, the bsAbs were tested in a competitive 

binding assay on L1.2 cells and on IFN-γ induced A20 cells (Fig. 8E and F). L1.2 cells display almost no PD-

L1 molecules at cell surface and about 100,000 molecules of CD47 (see Table 1). On the contrary, IFN-γ 

induced A20 cells display a more balanced expression of the two targets, with about 23,000 copies of PD-

L1 and 35,000 copies of CD47. With L1.2 cells, GD1-based bsAbs showed a poor blocking of the CD47/SIRPa 

interaction similar to the corresponding CD47 monovalent bsAb (Fig. 8E). A superior blocking potency of 

the bsAbs was apparent on double positive A20 cells, demonstrating the importance of PD-L1 

coengagement (Fig. 8E).  

3.1.5.3. Blocking of the PD-1/PD-L1 interaction  

The bsAbs were also tested for their ability to block the PD-1/PD-L1 interaction. When tested on 

PEAK mPD-L1 cells, the bsAbs appeared as poor blockers (Fig. 8G), with a 100-1000 times lower potency 

as compared to the atezolizumab analog or 10F.9G2 (a high-affinity rat anti-mouse PD-L1, widely used in 

syngeneic tumor experiments [204], [327], [328]). To assess the contribution of CD47 engagement, the 

bsAbs blocking ability was also tested on double-positive IFN-γ induced B16F10 cells. Surprisingly, CD47 

co-engagement by the low affinity GD1 arm did not result in a large increase in blocking potency (Fig. 9H) 

such as previously seen in binding experiments (compare Fig. 8G versus 8B and Fig. 8H to 8D, using the 

PD-L1 mAbs as benchmarks). Nonetheless, bsAbs bearing the medium-affinity anti-CD47 arm mC2 were 

significantly more efficacious at PD-1/PD-L1 blocking than the GD1-based bsAbs, demonstrating clearly a 

contribution of CD47 co-engagement (Fig. 8H). 
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Figure 8: Characterization of the first wave of bsAbs. (A-D) binding was evaluated by flow cytometry with cells expressing PD-L1 
or CD47 as well as with double-positive cells. (A) Binding of anti-PD-L1 mAbs on PEAK mPD-L1 cells. (B) Monovalent binding of 
each arm of the bsAbs was evaluated on (B) PEAK mPD-L1 and on (C) PEAK mCD47. (D) Binding on double-positive B16F10 cells 
activated with mIFN-γ. (E-F) Blocking of the CD47/SIRPα interaction was assessed with a competitive binding assay. (E) Binding of 
fluorescently-labeled mouse SIRPα-HIS was measured in the presence of an increased concentration of bsAbs on PD-L1-negative 
L1.2 cells (F) Binding of fluorescently-labeled mSIRPα hFc, was measured in the presence of an increased concentration of bsAbs 
double-positive cells A20 cells activated with mIFN-γ. (G-H) Blocking of the PD-1/PD-L1 interaction assessed with a competitive 
binding assay. (G) . Monovalent blocking evaluated on PEAK mPD-L1 cells. The binding of fluorescently labeled mPD-1 human Fc 
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was measured in the presence of an increased concentration of bsAbs (H) Blocking upon CD47 co-engagement evaluated on 
double-positive B16F10 cells activated with mIFN-γ. The binding of fluorescently labeled human PD-1 high-affinity was measured 
in the presence of an increased concentration of bsAbs. Binding results are representative of three independent experiments. 
Blocking data are represented as MFI ± SD of two replicates. 

 

3.1.6. Lead optimization of the 1h6 candidate 

We sought to further increase the affinity of the PD-L1 arm. Based on binding, blocking, and 

productivity characteristics, the κ 1h6 anti-PD-L1 antibody was selected for lead optimization. Lead 

optimization (LO) is a process aiming to increase the affinity of a selected candidate by introducing 

diversity into the CDRs sequences. To obtain an anti-PD-L1 arm of higher affinity, three phage-display 

libraries were generated by introducing diversity into the CDR1, CDR2, and/or CDR3 of the variable light 

chain region of the 1h6 sequence. The three libraries were used for phage-display selections under 

stringent conditions. 

3.1.6.1. Selection of an anti-PD-L1 lead candidate generated with 1h6 LO. 

Screening of scFv hits was performed with the PD-1/PD-L1 blocking assay and PEAK mPD-L1 cells, 

activated MC38, and B16F10 cells. Two sets of 20 scFvs identified as potent blockers were reformatted 

into mAbs for further characterization. The blocking assay on PEAK mPD-L1 showed that all these mAbs 

blocked the PD-1/PD-L1 interaction (Fig. 9A). Binding to various cell lines was used to further rank these 

mAbs. Binding to PEAK cells expressing high levels of PD-L1 showed profiles similar to atezolizumab for all 

but six candidates and was not discriminatory enough (Fig. 9B and E). MC38 cells activated with IFN-γ, 

provided better resolution (Fig. 9C and F) but even more differences became apparent with non-activated 

MC38 expressing low amounts of PD-L1 (Fig. 9D and G). Three mAbs from the first set of reformatting and 

nine candidates from the second set displayed better binding than the parental 1h6 antibody, still without 

reaching the potency of atezolizumab. The mAb 6E8 showed the best improvement as compared to the 

parental 1h6 and was thus chosen as the final arm to generate bsAbs 
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Figure 9: Characterization of mAbs from 1H6 lead optimization. (A) PD-1/PD-L1 blocking characterized with CellInsight 
competitive binding assay. The binding of fluorescently labeled mouse PD-1 human Fc was measured in the presence of an 
increased concentration of mAbs (B-F) Binding assessed by flow cytometry on (B, D) PEAK mouse PD-L1 cells, (C,F) MC38 cells 
activated with mIFN-γ or (D,G) MC38 not activated. Final candidate chosen for bsAb reformatting is represented by a bold orange 
line (E-G). Binding results are representative of multiple independent experiments. Blocking data are represented as MFI ± SD of 
two replicates. 

 

3.1.6.2. Affinity measurements 

In order to better characterize the lead candidate 6E8 compared to the atezolizumab analog, the 

affinity and binding kinetics were assessed with bio-layer interferometry (Octet, Forte Bio). Atezolizumab 

and 6E8 showed comparable affinities upon monovalent binding to PD-L1, with a similar KD (equilibrium 

dissociation constant, Fig. 10A). In another experiment, the binding kinetic to different mouse PD-L1 

proteins was evaluated. Atezolizumab and 6E8 showed different association and dissociation profiles: 6E8 

was quicker to associate and dissociate to the proteins (Fig. 10B). This difference (slower Koff) probably 

explains the superior binding observed with atezolizumab in FACS experiments (Fig. 10C and F). 

Competitive binding assays were also performed, suggesting that 6E8, 10F.9G2, and atezolizumab target 

the same region of PD-L1 (data not shown). 

 

Figure 10: Affinity of the 6E8 antibody to mouse PD-L1 . (A) Affinity was measured using bio-layer interferometry (Octet, Forte 
Bio) and is shown as the KD ± SD. Results are representative of two independent experiments. (B) Association and dissociation of 
atezolizumab and 6E8 to three different recombinant mouse PD-L1 proteins was evaluated.  
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3.1.7. In vitro characterization of the 6E8-based bsAbs  

The selected 6E8 anti-PD-L1 arm was associated with two previously described anti-mCD47 arms, 

one of intermediate affinity (mC2, KD= 108.2 nM), the other of low affinity (GD1, KD= 2130 nM, Table 2). 

The mC2 bsAb was made in two versions differing by the Fc region, wild-type mIgG2a with full effector 

functions, and an mIgG2a version bearing the D265A mutation. This mutation has been described to 

abrogate the binding to the Fc part to the mouse Fcγ receptors [329]. 

 

ĸλ body 
name ĸ arm ĸ specificity Affinity λ arm λ specificity Affinity Heavy Chain 

6E8|mC2 6E8 anti-mPD-L1 high mC2 anti-mCD47 intermediate mIgG2a 
6E8|mC2 6E8 anti-mPD-L1 high mC2 anti-mCD47 intermediate mIgG2a D265A 
GD1|6E8 GD1 anti-mCD47 low 6E8-h anti-mPD-L1 high mIgG2a 

 
Table 2: Summary of the generated bsAbs constructs. 

 

3.1.7.1. Binding to double positive cells 

Binding of the bsAbs the 6E8 mAb was evaluated by flow cytometry. Binding of the 6E8 mAb was 

similar to atezolizumab while the bsAbs showed a more elevated MFI signal at high antibody 

concentrations (Fig. 11A and B). That could reflect on one side, the bivalent versus monovalent saturation 

binding of cell surface PD-L1 (more IgG available for detection reagent in the latter case) and, on the other 

side, the some monovalent CD47 binding at high bsAb concentrations (a significant part of cell surface 

CD47 cannot be co-engaged by the bsAbs since the CD47 expression levels are higher than the PD-L1 

expression levels, both on MC38+ and B16F10+ cells). By the same token, the difference between 

6E8|mC2 and GD1|6E8 MFI signals at high antibody concentrations apparent on Figs 11A and B could be 

explained by a more efficacious engagement of CD47 by the mC2 antibody arm. The latter is consistent 

with previously established differences in binding affinities (mC2 KD = 108.2 nM, GD1 KD = 2130 nM) and 

the CD47 monovalent binding shown in Figs 11C and D. In the same set of experiments, the 6E8|mC2 and 

GD1|6E8 bsAbs were compared with the corresponding bsAbs bearing the parental 1h6 PD-L1 arm. The 

binding of these bsAbs to MC38(+) and B16F10(+) cells illustrates the effect of PD-L1 affinity increase 

obtained upon 1h6 LO (Fig. 12E and 12F).  
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Figure 11: Binding of 6E8|mC2 and GD1|6E8 bsAbs to double positive cells. Binding to MC38 cells (A and C) and B16F10 cells (B 
and D) activated with mIFN-γ was evaluated by flow cytometry and is shown as mean fluorescence intensity (MFI). BsAb binding 
was compared to (A-B) anti-PD-L1 mAbs and to (C-D) the corresponding monovalent CD47 antibodies. (E and F) Binding of LO-
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derived bsAbs as compared to the corresponding bsAbs with the parental anti-PD-L1 arm 1h6. Binding results are representative 
of multiple independent experiments. 

 

3.1.7.2. The bsAbs block the PD-1/PD-and CD47/ SIRPα interactions 

The bsAbs were designed to bind to CD47 and PD-L1 at the surface of the cells and to block the 

PD-1/PD-L1 and the CD47/SIRPα interactions. I hypothesized that the bsAbs would have an increased 

blocking ability compared to the corresponding monovalent PD-L1 and CD47 controls. In addition, I 

assumed that the bsAbs would block the PD-1/PD-L1 interaction similarly to the control mAbs 

atezolizumab, 6E8, and 10F.9G2. To test this hypothesis, the bsAbs were tested in a competitive PD-1/PD-

L1 binding assay on B16F10(+) cells (i.e., activated with IFNγ). Both 6E8|mC2 and GD1|6E8 bsAb induced 

increased PD-L1 blockade compared to the corresponding monovalent PD-L1 (Fig. 12A). 6E8|mC2 bsAb 

showed blocking potency similar to the anti-PD-L1 mAbs while GD1|6E8 bsAb was less active, confirming 

the importance of CD47 co-engagement for efficient CD47 blockade.  

The bsAbs were then evaluated in a CD47/SIRPα competitive binding assay on B16F10(+) cells. 

IFNγ-activated B16F10 cells express higher levels of CD47 than PD-L1 (about 1.5 CD47 molecules for one 

PD-L1 molecule, see Table 1), therefore not all CD47 can be bound upon coengagement with the high 

affinity anti-PD-L1 arm. As a consequence, the curve of bsAb-induced CD47 blockade followed a biphasic 

path: at lower antibody concentrations, PD-L1 coengagement resulted in potent blocking of CD47. On the 

other hand, at higher antibody concentrations, where no more cell surface PD-L1 was presumably 

available for antibody binding, the CD47 blockade curves followed the path of monovalent anti-CD47 

controls (Fig. 12B). 

Overall, these results showed that the bsAbs are able to potently block the PD-1/PD-L1 and 

CD47/SIRPα interactions and that co-engagement of the cognate target at the cell surface significantly 

contributes to blocking efficacy.  
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Figure 12: Blocking properties of the bsAbs evaluated in competitive binding assays. PD-L1 and CD47 blocking activity of the 
bsAbs was characterized using CellInsight CX5 High Content Screening Platform (A) Binding of fluorescently-labeled human PD-
L1 high-affinity human Fc was measured in the presence of increased concentrations of bsABs on B16F10 cells activated with 
mIFN-γ. (B) Binding of fluorescently-labeled mouse SIRPα human Fc, was measured in presence of increased concentration of 
bsABs on B16F10 cells activated with mIFN-γ. Results are representative of three independent experiments and are plotted as 
MFI ± SD of two replicates. 

 

3.1.8. Anti-tumor efficacy of 6E8 based bsAbs  

Anti-tumoral efficacy of immune checkpoint inhibitors is usually evaluated in syngeneic mouse 

model. These models involve the engraftment of murine tumor cells into a mouse recipient from the same 

genetic background with a fully competent immune system, allowing to study the interaction between 

cancer and the anti-tumor immunity. To study the consequences of concomitant blockade of the innate 
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CD47/SIRPα and the adaptive PD-1/PD-L1 immune checkpoints on the generation of anti-tumor response, 

syngeneic mouse models needed to be used. Three different syngeneic models commonly used in in vivo 

preclinical studies were tried in the set-up phase (Table 4) [205], [330]–[333].  

 Cell origin Mouse strain Characteristics 
CT26 Colon carcinoma BALB/c Highly immunogenic [334] 
4T1 Mammary carcinoma BALB/c Poorly immunogenic [334] 

MC38 Colon carcinoma C57BL/6 Highly immunogenic [335] 
 

Table 3: Syngeneic models used in the set up experiment.  

 

3.1.8.1. Establishment of CT26 and 4T1 tumor models in Balb/c 

As CT26 and 4T1 have never been used before at Novimmune, some setup experiments were 

required in the first place. To test tumor growth in these two in vivo models, varying conditions of tumor 

inoculation were tried. Specifically, I evaluated different tumor cell loads, as well as two different 

engraftment sites (thorax and flank, Fig. 13A). CT26 and 4T1 tumor growths were more rapid when 

implanted in the thorax compared to the flank (Fig. 13B and C), possibly due to a different tissue 

environment and the degree of vascularization at the site of tumor implantation. 
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Figure 13: In vivo engraftment of CT26 and 4T1 tumor cells. (A) Schematic illustrating the experimental design: 3x105 CT26 or 
4T1 cells were injected subcutaneously (s.c.) into BALB/c female mice. Two engraftment sites, either in the thoracic or in the flank 
region, were evaluated. BALB/c mice (n = 8/group) were inoculated with (B) CT26 or (C) 4T1 cells, and tumor growth was 
measured at the indicated time points.  

 

The growth kinetic was also influenced by the number of cells engrafted: on day 6, 1x106 of CT26 

cells engrafted in the thoracic region resulted in a mean tumor volume about 0,2 cm3 while 3x105 cells 

engrafted at the same site yielded smaller tumors, about 0,1 mm3 (data not shown). For both CT26 and 

4T1, high initial tumor cell number resulted in rapid growth and an early onset of tumor ulceration. To 

slow down tumor growth and to give more time for the immune response to develop, lower numbers of 

inoculated CT26 and 4T1 cells were tried. The resulting tumors grew more slowly, and, in the CT26 model, 

the ulceration was restricted to tumors that reached the endpoint volumes. In contrast, 4T1 tumors 

showed a strong tendency to develop ulcerations even at small volumes and with low number of 

implanted cells. Due to this limitation, the 4T1 model was not pursued any further. For the CT26 model, 

the dose of 5000 cells inoculated subcutaneously (s.c.) in the thoracic region resulted in an acceptable 

tumor growth kinetics and no ulcerations. In these conditions. the tumors started to be measurable 

between day 8 and 12 and reached a mean volume of about 150 mm3 on day 14. To evaluate the efficacy 
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of anti-PD-L1 treatment, a benchmark anti-PD-L1 mAb previously tested in many checkpoint inhibitor 

preclinical studies (10F.9G2, [204], [327], [328], [336]) was administered intraperitoneally on the day of 

the recruitment and then a second time, 5 days after the first dose. According to the literature, the CT26 

model should respond to the anti-PD-L1 treatment at least partially [331], [337]. Yet, in our hands, the 

benchmark anti-PD-L1 mAb 10F.9G2 showed no significant impact on tumor growth (Fig. 14).  

 

Figure 14: Impact of anti-PD-L1 mAb 10F.9G2 on CT26 tumor growth. (A) Schematic illustrating the experimental design: 5x103 
CT26 cells were injected subcutaneously (thorax) into BALB/c female mice (n = 8-10/group). When the tumors were measurable 
by caliper, mice were randomized into treatment groups and received i.p. 200 μg of anti-PD-L1 (10F.9G2) or PBS on the day of 
the recruitment and a second time, five days later. (B) Individual tumor growth curves of control and anti-PD-L1 treated groups 
are shown. Tumor volume was measured at the indicated time points. 

 

3.1.8.2. Establishment of a MC38 tumor model in C57BL/6 mice 

MC38 model is commonly used model in ICI studies. The literature describes the MC38 model as 

being generally responsive to anti-PD-L1 or PD-1 mAb treatment, but the therapeutic effect is usually 

heterogeneous and important variability in tumor growth rate and the effect of PD-1/PD-L1 blockade is 

also apparent when comparing various published studies [203], [209], [338]. It is well established that 

several parameters, such as mouse provider, the gut microbiota, or even other less appreciated factors 

such as housing temperature, could influence tumor growth rates as well as response to the treatment 

[339]–[341].  

Consequently, in the setup phase, we performed several experiments to evaluate how the MC38 

model would respond to anti-PD-L1 mAb in our laboratory. Parameters such as in vitro cell confluency 
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before engraftment, the amount of cells injected, as well as two mice providers were evaluated (data not 

shown). Details of the final experimental protocol, and the results of the final setup experiment are shown 

in Fig. 15. We demonstrated here some (limited and variable) therapeutic effect of the anti- PD-L1 

benchmark mAb 10F.9G2. We also tested a commercially available anti-CD47 mAb MIAP301 known to 

block the CD47/SIRPα interaction and described by some as having anti-tumor efficacy in vivo [280], [342]. 

An experiment to evaluate the efficacy of a combination mAbs was performed conducted (Fig. 15A). In 

our hands, MIAP301 didn’t show any intrinsic anti-tumor efficacy, either when tested alone, or in 

combination with the anti-PD-L1 mAb (Fig. 15).  

 

Figure 15: Anti-PD-L1 mAb inhibits MC38 tumor growth. (A) Schematic illustrating the experimental design: 2.5x105 MC38 cells 
were injected subcutaneously (thorax) into C57BL/6 female mice (n = 11-12/group). Mice were randomized into treatment groups 
on day 6 (mean tumor volume was around 80 mm3) and were treated i.p. with 200 μg of anti-PD-L1 (10F.9G2), 200 μg of anti-
CD47 (MIPA301), 200 μg of anti-PD-L1 + 200 μg of anti-CD47, or PBS on days 6, 9, 12, 15. (B) Tumor growth is shown as average 
tumor size per group ± SEM. Once a mouse reached the volume endpoint, the subsequent measurements were assigned the 
maximum value. (C) Individual tumor volumes on day 16 ± SEM (D) Individual tumor growth curves of control and treated groups. 
n.s., not significant, *P<0.05, **P<0.01 were obtained using the Brown-Forsythe and Welch ANOVA with Dunnett’s method for 
multiple comparison correction. 
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3.1.8.3. Anti-tumor efficacy of the bsAb in the MC38 model 

We then tested the two mIgG2a bsAbs, (6E8|mC2 and GD1|6E8) in the MC38 model. Mice with 

established tumors were treated either with one of the bsAbs or the anti-PD-L1 mAb 10F.9G2, and the 

tumor growth was monitored (Fig. 16). In the first experiment (Fig. 16A-C) the two bsAbs and the anti-PD-

L1 mAb were able to delay tumor growth but the efficacy of the bsAbs was appreciably lower than the 

efficacy of the PD-L1 mAb (Fig. 16B and C). The two bsAbs showed a similar tumor growth inhibition, in 

spite of having CD47 arms of different affinity. In a second experiment (Fig. 16D-F), an increased dose of 

bsAbs was tested (20 mg/kg), but that did not lead to a better therapeutic effect compared to the anti-

PD-L1 mAb (Fig. 16E and F).  
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3.1.8.4. Anti-tumor efficacy of the 6E8 mAb in the MC38 model 

I wanted to check the anti-tumor efficacy of mAb 6E8 in vivo. In a dedicated MC38 experiment, 

mAb 6E8 was compared head-to-head with 10F.9G2, and it clearly failed to reach the same in anti-tumor 

efficacy as that benchmark mAb (Fig. 17). I speculated that the difference in affinity could potentially 

explain different anti-tumor activity of the two mAbs. The fact that mAb 6E8 is a mouse IgG2a but 10F.9G2 

is a rat IgG2b may not explain the difference in vivo, since both IgG Fc isotypes interact with mouse FcγRs 

in a quite similar way (with similar A/I ratios, [336]). I therefore came to the conclusion that 6E8 might be 

not potent enough candidate for the generation of efficacious CD47|PD-L1 bsAbs. 

Figure 16: Effect of two anti-PD-L1|CD47 bsAb on MC38 tumor growth. (A) Schematic illustrating the experimental design: 
2.5x105 MC38 cells were injected subcutaneously (thorax) into C57BL/6 female mice (n = 13-14/group). Mice were randomized 
into treatment groups (mean tumor volume around 70 mm3) and were treated i.p. with 200 μg of anti-PD-L1 (10F.9G2 rat IgG2b), 
200 μg of one of the bsAbs mIgG2a, or PBS on days 5, 8, 11, 14. (B) Tumor growth is shown as average tumor size per group ± 
SEM. Once a mouse reached the volume endpoint, the subsequent measurements were assigned the maximum value. The graph 
on the right represent the individual tumor volumes on day 13 ± SEM. (C) Individual tumor growth curves of the control and 
treated groups. (D) Schematic illustrating the experimental design: 2.5x105 MC38 cells were injected subcutaneously (thorax) into 
C57BL/6 female mice (n = 12/group). Mice were randomized into treatment groups (mean tumor volume around 85 mm3) and 
were treated i.p. with 200 μg of anti-PD-L1 (10F.9G2 rat IgG2b), 400 μg of one of the bsAbs (mIgG2a), or PBS on days 6, 9, 12. (E) 
Tumor growth is shown as average tumor size per group ± SEM. Once a mouse reached the volume endpoint, the subsequent 
measurements were assigned the maximum value. The graph on the right represent the individual tumor volumes on day 14 ± 
SEM. (F) Individual tumor growth curves of the control and treated groups. n.s., not significant, *P<0.05, **P<0.01 were obtained 
using the Brown-Forsythe and Welch ANOVA with Dunnett’s method for multiple comparison correction. 
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Figure 17: Comparison of in vivo efficacy of anti-PD-L1 mAbs. (A) Schematic illustrating the experimental design: 2.5x105 MC38 
cells were injected subcutaneously (thorax) into C57BL/6 female mice (n = 11/group). Mice were randomized into treatment 
groups on day 5 (tumor mean volume around 75 mm3) and were treated i.p. with 200 μg of anti-PD-L1 10F.9G2 (rat IgG2b), 200 
μg anti-PD-L1 6E8 mIgG2a, or PBS on days 5, 8, 11 (arrows). (B) Tumor growth is shown as average tumor size per group ± SEM. 
Once a mouse reached the volume endpoint, the subsequent measurements were assigned the maximum value. (C) Individual 
tumor growth curves of the control and treated groups. 
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3.2. Generation and characterization of CD47|PD-L1 hIgG1 bispecific antibodies 

3.2.1. Proof of concept bsAb with the atezolizumab PD-L1 arm 

Co-targeting PD-L1 and CD47 with bispecific antibodies and Fc-receptor fusions has recently been 

reported by four different groups and shown to block tumor growth more efficiently than anti-PD-L1 mAbs 

or even PD-L1 + CD47 mAbs combinations [308], [320], [321], [324]. Two of these publications used a 

bispecific construct based on atezolizumab [320], [321]. In the in vitro experiments shown in Fig. 9, anti-

PD-L1 mAb 6E8 showed similar affinity (Fig. 10) and similar PD-1/PD-L1 blocking compared to benchmark 

anti-PD-L1 antibodies (see Fig. 9A), but lower binding to cells than atezolizumab, especially with non-

activated MC38 cells expressing very low levels of PD-L1 (see Fig. 9G). In an attempt to achieve in vivo 

efficacy, I have generated and tested a proof of concept (POC) bsAb containing an atezolizumab-based 

PD-L1 arm associated to the moderate-affinity anti-CD47 arm 1E5 (comparable to mC2 in terms of affinity 

and CD47-blocking, see Fig. 2). This bsAb was produced with the knob-into-hole technology [343] as 

hIgG1.(hIgG1 Fc displays full effector functions in the context of mouse Fc receptors, comparable to 

mIgG2a and hIgG1 Fc-bearing constructs are often used in translational experiments).  

 

3.2.1.1. In vitro characterization of the POC molecule 

The binding and blocking properties of the POC molecule (named 1E5|atezolizumab) were 

evaluated with B16F10 mouse cell line. Binding to B16F10 cells was significantly increased upon IFN-γ-

mediated induction of PD-L1 cell surface expression (B16F10+ cells, Fig. 18A). Similar to what was 

observed previously with the two IgG2a bsAbs (see Fig. 12) 1E5|atezolizumab blocked CD47/SIRPα 

interaction in a biphasic manner, with PD-L1 coengagement-mediated high potency blockade at lower 

antibody concentrations, and a less potent blockade at higher antibody concentrations, mediated by the 

monovalent binding of the 1E5 arm to cell surface CD47 (Fig. 18B). Last but not least, 1E5|atezolizumab 

showed a similar PD-1/PD-L1 blocking efficacy as the 6E8|mC2 bsAb and PD-L1 mAbs 10F.9G2 and 

atezolizumab (Fig. 18C). 
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Figure 18: Characterization of the bsAb 1E5|Atezolizumab hIgG1 (A) Binding, reported as mean fluorescence intensity values, 
was evaluated by flow cytometry on B16F10 cells activated (right graph) or not (left graph) with mIFN-γ and compared to anti-
PD-L1 mAbs, 6E8 and atezolizumab and to anti-CD47 mAbs 1E5 and GD1. Results shown are representative of three independent 
experiments. (B and C) Blocking property of the POC molecule was evaluated in competitive binding assays on B16F10 cells 
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activated with m-IFN-γ using CellInsight CX5 High Content Screening Platform. (B, C) Binding of fluorescently-labeled mouse SIRPα 
mouse Fc (B) or human PD-1 high affinity mouse Fc (C) was measured in the presence of increased concentration of antibody. 
Results shown are representative of two independent experiments and are plotted as MFI ± SD of two replicates. 

 

3.2.1.2. In vivo characterization of the POC molecule 

The POC bsAb was then evaluated for its ability to inhibit tumor growth in the MC38 tumor model. 

Mice with established MC38 tumors were treated i.p. either with 1E5|atezolizumab or with the 

benchmark mAb 10F.9G2 (Fig. 19A). In this experiment, the tumor growth inhibition induced by 10F.9G2 

was heterogeneous but overall marginal (not statistically significant) and the POC bsAb was not more 

efficacious (Fig. 19B, C).  

 

Figure 19: In vivo efficacy of 1E5|atezolizumab bsAb (A) Schematic illustrating the experimental design: 2.5x105 MC38 cells were 
injected subcutaneously (thorax) into C57BL/6 female mice (n = 11/group). Mice were randomized into treatment groups on day 
5 (mean tumor volume around 50 mm3) and were treated i.p. with 200 μg of 1E5|atezolizumab (hIgG1), 200 μg of 10F.9G2 (rat 
IgG2b) or PBS on days 5, 8, and 11. (B) Tumor growth is shown as average tumor size per group ± SEM. Once a mouse reached 
the volume endpoint, the following measurements were assigned a maximal value. (C) Individual tumor growth curves of control 
and treated group. Tumor volume was measured at the indicated time points. 
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3.2.2. Generation of VS9, a new anti-PD-L1 arm 

I supposed that a bsAb with an anti-PD-L1 arm of higher affinity than 6E8 or atezolizumab could 

eventually show superior efficacy in vivo. I therefore set out to generate a series of new bsAbs (κλ bodies) 

based on the recently obtained high-affinity anti-PD-L1 sequence VS9.  

 

3.2.2.1. Characteristics of the VS9 PD-L1 arm  

To measure the affinity and binding kinetic of the VS9 mAb upon monovalent binding to mouse 

PD-L1 recombinant protein, bio-layer interferometry (Octet, Forte Bio) was performed. While 

atezolizumab and 6E8 showed a similar equilibrium dissociation constant (KD), the VS9 arm was found to 

be about fifty times more affine (Fig. 20A). Compared to atezolizumab, VS9 showed a much slower 

dissociation rate (Fig. 20B). Competitive binding assays between the anti-PD-L1 mAbs performed by ELISA 

showed that the VS9 arm was competing with 6E8 10F.9G2, atezolizumab as well as the MIH5 clone mAb 

commonly used in FACS experiments for the binding of mouse PD-L1, (data not shown). These results 

suggest that all these antibodies target the same region on mouse PD-L1. 

 

Figure 20: Affinity of anti-mPD-L1 antibodies. (A) Affinity was measured using bio-layer interferometry (Octet, Forte Bio) and is 
shown as the average KD ± SD. Results are representative of two independent experiments. (B) Association and dissociation of 
atezolizumab and VS9 to recombinant mouse PD-L1 protein. 

 

To generated bsAbs, the VS9 anti-PD-L1 arm (λ) was associated with the intermediate affinity anti-

CD47 arm 1E5 (κ). Two versions of that bsAb were generated, one with a wild type hIgG1 Fc portion, the 

other with silenced hIgG1 Fc. Two mutations have been combined to ensure an efficient silencing of the 

Fc part. The well-known LALA mutation [344], [345] was combined with P329A mutation to fully abrogate 

Fc mediated effector functions [151], [346]. Antibodies carrying the LALA PA mutation devoid of Fc-

mediated effector functions are denoted by an /N at the end of the antibody name. For the sake of this 

study, an additional bsAb bearing the low affinity anti-CD47 arm GD1 (κ) has been generated (Table 4). 
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ĸλ body 
name ĸ arm ĸ specificity Affinity λ arm λ specificity Affinity Heavy Chain 

1E5|VS9 1E5 anti-mCD47 intermediate VS9 anti-mPD-L1 high hIgG1 
1E5|VS9 1E5 anti-mCD47 intermediate VS9 anti-mPD-L1 high hIgG1 LALA PA 
GD1|VS9 GD1 anti-mCD47 low VS9 anti-mPD-L1 high hIgG1 

 
Table 4: Summary of the bsAbs constructs generated with the VS9 arm. 

 

3.2.3. In vitro characterization of the VS9-based bsAbs 

3.2.3.1. Binding of bsAbs to double positive cells 

Binding of the bsAbs to B16F10 and MC38 cells was evaluated by flow cytometry and compared 

to anti-PD-L1 mAbs (Fig. 21A to C), the CD47 mAb 1E5 and the corresponding monovalent controls (Fig. 

21D and E). B16F10 cells activated with mIFN-γ display about 86,000 PD-L1 and 130,000 CD47 molecules 

while activated MC38 cells display 42,000 PD-L1 for 104,000 CD47 molecules at the cell surface (see Table 

1). On both cell types, the bsAbs showed a similar binding profile to atezolizumab and VS9, and increased 

binding compared to the 6E8 mAb (Fig. 21A and B). On non-activated MC38 cells (10,000 PD-L1 and 78,000 

CD47), the difference between the binding of the bsAb and the mAb was more apparent (Fig. 21C).  
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Figure 21: Characterization of the bsAbs generated with the anti-PD-L1 arm VS9. Binding shown as mean fluorescence intensity 
values, was evaluated by flow cytometry on (A and D) B16F10 activated with mIFN-γ, on (B and E) MC38 cells activated with mIFN-
γ and on (C) MC38 cells not activated. Anti-PD-L1 mAbs and the corresponding monovalent bsAbs were run for comparison. 
Results shown are representative of multiple independent experiments. 

 

3.2.3.2. Importance of the individual bsAb arms for binding to cells 

To further assess the contribution of individual arms of 1E5|VS9 bsAb to cell binding, CD47 and 

PD-L1 knockout (KO) cells lines were compared to their double positive (unmodified) counterparts. Both 

wild type and KO cell lines were activated with mIFN-γ. On wild type HEPA 1.6 cells (80,000 PD-L1 and 

130,000 CD47), the presence of CD47 only slightly increased the binding of 1E5|VS9 compared to the 

CD47-KO cells or the monovalent VS9 antibody (Fig. 22A). The key importance of the anti-PD-L1 arm for 

cell binding was further highlighted in experiments with PD-L1 KO A20 cells. In the absence of PD-L1 

expression, binding of the bsAb was strongly reduced compared to wild type A20 cells (23,000 PD-L1 and 
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35,000 CD47) (Fig. 22B). Together, these results confirmed that the high affinity anti-PD-L1 arm is the main 

driver for binding to double positive cells. 

 

Figure 22: Contribution of individual bsab arms to binding. 1E5|VS9 binding to (A) CD47 KO vs unmodified HEPA 1.6 cells and 
(B) PD-L1 KO vs unmodified A20 cells VS9 monovalent bsAb was run for comparison. Both KO and WT were active with mIFN-γ. 
Results are representative of two independent experiments. 

 

3.2.3.3. Blockade of the PD-L1 / PD-L1 and CD47/SIRPα interactions 

To evaluate the blocking potency of the VS9-based bsAbs, competitive binding assays were 

performed on B16F10 cells activated with mIFN-γ (Fig. 23). At low concentration, both GD1|VS9 and 

1E5|VS9 potently blocked CD47, with a similar efficacy irrespectively of their different affinities to CD47. 

This is consistent with the idea that CD47 blockade is mainly driven by PD-L1 co-engagement in conditions 

of low saturation of the target. At higher concentrations, CD47 blockade with GD1|VS9 was less 

efficacious than with 1E5|VS9 reflecting the monovalent binding of their anti-CD47 arms, in conditions 

where all the PD-L1 at the cell surface is already saturated.  
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Figure 23: CD47/SIRPα blocking with VS9-based bsAbs. Binding of fluorescently-labeled mouse SIRPα-Fc was measured in the 
presence of increased concentration of antibodies on B16F10 cells activated with mIFN-γ. Blocking activity of the bsAbs was 
compared to mAbs and the 1E5 monovalent bsAb. Results shown are representative three independent experiments and are 
plotted as MFI ± SD of two replicates. 

 

The three classes of bsAbs used in this study, incorporating three different PD-L1 arms, 

respectively, 6E8, atezolizumab, and VS9, could not be compared head-to-head in a direct binding assay 

(like FACS) due to different Fc portions implicating different detection reagents (secondary antibodies). In 

contrast, the PD-1/PD-L1 blocking assay is a competitive binding assay that detects recombinant PD-1-Fc 

bound to cells, allowing for a head-to-head comparison of PD-1/PD-L1 blockers, irrespectively of their 

format and molecular structure. 6E8, atezolizumab, and VS9 bsAbs and the corresponding mAbs and 

monovalent controls were therefore run in parallel in a PD-1/PD-L1 blocking assay with B16F10(+) cells.  

 

Interestingly, the three bsAbs with intermediate affinity CD47 arms 6E8|mC2, 1E5|atezolizumab, 

and 1E5|VS9 showed indistinguishable blocking potency with B16F10(+) cells (expressing roughly 90,000 

and 130,000 PD-L1 and CD47), while a slight but noticeable difference between 1E5|VS9 and GD1|VS9 

was apparent, pointing to the contribution of the CD47 arm to PD-L1 blockade upon (Fig. 24A). The 

importance of CD47 coengagement for PD-L1 blockade is also supported by the comparison between the 

different bsAbs and their PD-L1 monovalent counterparts (Fig. 24B-D). As anticipated, the contribution of 

CD47 co-engagement to PD-L1 blockade was inversely proportional to the affinity of the anti-PD-L1 arm 
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(e.g., compare panels B and D, bsAb vs. monovalent). Finally, the comparison between the monovalent 

bsAbs and the mAbs confirms the well-appreciated importance of avidity for mAb binding (Fig. 24B-D).  

 

Figure 24: PD-1/PD-L1 blocking properties of the bsAbs used in this study. (A) Binding of fluorescently-labeled human PD-1 high 
affinity mouse Fc to B16F10+ cells in the presence of increased concentration of various competitor antibodies. (B-D) Results 
obtained with the three different classes of bsAbs used in this study (VS9, atezolizumab and 6E8 – based) are shown on separate 
plots for a better legibility. Results representative of teo independent experiments are plotted as MFI ± SD of two replicates. 

 

3.2.4. Anti-tumor efficacy of the VS9 based bsAbs 

Since the efficacy of the bsAbs in the MC38 model was not as could be expected based on 

published studies using the same tumor cell lines and a similar therapeutic approach ([320], [321]), we re-

evaluated the experimental conditions of our MC38 model, with a particular focus on tumor implantation 

site and techniques. The efficacy of immune checkpoint blockade in preclinical models is notoriously 

variable, often leading to conflicting conclusions from experiments run at different labs. Replicability and 
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consistency remain a major challenge when working with syngeneic mouse models [339], [340]. We have 

evidenced here that the position of engraftment and the conditions of in vitro culture of cancer cells 

before engraftment could result in different tumor growth kinetics and could influence the treatment 

efficacy. In the process, we have learned about the importance of tumor engraftment techniques. Each 

anatomical site possesses unique immune composition as well different lymphatic and blood vessel 

structure. However, available literature provides little information about how the tumor growth kinetics 

and the response to treatment are affected by the depth of the engraftment. The rare studies comparing 

subcutaneous engraftments at different depths showed the importance of tumor site implantation for 

tumor growth kinetic as well as for the immunogenicity of the tumors in syngeneic models, thus, 

consequently, the antitumor responses [347]–[349]. 

 

3.2.4.1. Comparison of the bsAbs efficacy in two different engraftment protocols in the MC38 model 

In collaboration with S. Hugues lab at the CMU, different subcutaneous engraftment techniques 

as well as different in vitro culture protocols were evaluated. Following a new protocol, cells were 

engrafted in lower back and closer to the skin surface. This engraftment technique was designed as 

subcutaneous “high” (s.c. “high”) in contrast to the engraftment performed previously which was deeper, 

and thus described as s.c. “deep”. We then evaluated the impact of different engraftment protocols on 

the efficacy of two 1E5|VS9 bsAb versions (active or inactive Fc portion) in the MC38 model. The two 

protocols of cells engraftment described above were conducted in parallel. The protocol s.c. “deep” 

resulted in a bigger tumor volume at the endpoint and a comparatively quicker tumor growth. Mice 

engrafted following the s.c. “deep” protocol were euthanized between day 14 and day 16. On the other 

hand, the s.c “high” protocol showed a slower tumor growth and a lower maximum volume at the 

endpoints (Fig. 25B, C). The efficacy of the two bsAbs tested was comparable but depended strongly on 

the tumor implantation technique. With the s.c. “deep” protocol and fast-growing tumors no therapeutic 

effect was apparent, while the s.c. “high” protocol resulted in significantly slower growth of tumors, which 

became even slower following treatment with the bsAbs (Fig. 25B-E). We therefore considered the s.c. 

“high” protocol as more suitable for future in vivo experiments. That said, there was an important tradeoff 

associated to the s.c “high” protocol: In the s.c. “high” group, as some mice had to be euthanized earlier 

due to tumor ulceration occurring even at small tumor volumes (ulceration was not observed at all with 

the s.c. “deep” protocol). Together, the head-to head comparison of the two protocols showed that the 

position chosen for the MC38 tumor implantation, as well as the injection method, resulted in important 

differences in tumor growth rate and therapeutic antibody efficacy. 
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It is well established that the efficacy of antibody treatment depends on the effects mediated 

through the binding to targets via the variable domains as well as the nature of the Fc part [336]. On the 

other hand, both the antigen binding part and the Fc part affect antibody pharmacokinetics [350]. We 

therefore wanted to evaluate the impact of the Fc part on the persistence of the bsAbs in blood. Antibody 

levels in the plasma were measured by ELISA at 4 different time points (Fig. 25F and G). A later timepoint, 

on day 26, could be assessed for some mice in the s.c. “high” protocol that responded to antibody 

treatment, but not for the control group (Fig. 25G). bsAbs blood levels were significantly lower than in the 

hIgG1 control group, and the concentration of the active Fc bsAb was lower than with the inactive Fc bsAb. 

For both bsAbs, a rapid drop in concentration was observed 5 days after the last dose, and the active Fc 

bsAb was under the lower limit of detection. This poor antibody pharmacokinetics probably reflects 

target-mediated drug disposition (TMDD) mediated principally by the CD47-binding part of the bsAb, and, 

potentially, anti-drug antibody (ADA) responses directed towards the human sequences contained in the 

bsAb Fab portions. The disappearance of the bsAbs from the circulation correlated with tumor regrowth 

in responder animals, suggesting that the loss of tumor control could be due to insufficient antibody 

exposure. 
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Figure 25: Comparison of two tumor engraftment protocols in the MC38 model. (A) Schematic illustrating the experimental 
design: 5x105 MC38 cells were injected either in the thorax (s.c “deep”) or above the hind leg (s.c. “high”) into C57BL/6 female 
mice (n = 10-11 mice/group). Mice were randomized into treatment groups on day 5 (mean tumor volume around 100 mm3) or 
on day 8 (mean tumor volume around 60 mm3) depending on the engraftment protocol chosen and were treated i.p. 3 times 
every 3 days with either 400 μg of the bsAb with active Fc (1E5|VS9), 400 μg of bsAb with the inactive Fc (1E5|VS9 /N) or 400 μg 
of an irrelevant hIgG1 control antibody on days 5, 8, and 11. (B) Tumor growth is shown as average tumor size per group ± SEM. 
Once a mouse reached the volume endpoint, the following measurements were assigned a maximal value. (C) Individual tumor 
growth curves of control groups. (D-E) Tumor growth as average tumor size per group ± SEM and individual curves for mice 
engrafted with (D) the s.c. “deep” protocol and with (E) the s.c. “high” protocol. Tumor volume was measured at the indicated 
time points. (F-G) Mean serum concentrations (n = 4-6) ± SEM of bsAbs or irr. hIgG1 were determined using the FastELISA system 
(RD-Biotech) (F) on day 7, day 13 or 14 and day 16 for mice engrafted with the s.c “deep” technique and (G) on day 9, day 16, day 
19 and day 26 for mice engrafted with the s.c “high” technique and treated as depicted in (A). 

 

We also wanted to evaluate the effects of the bsAb on blood cells, especially on RBCs and 

platelets. To investigate the effect of the bsAbs on blood parameters, blood samples were analyzed at 

different timepoints (Fig. 26). Mice treated with the active Fc bsAb showed a decrease in red blood cell 

(RBC) count, in hemoglobin (HGB), in hematocrit (HCT) and in the platelet count (PLT) two day after the 

last dose. This decrease was correlated with an increase in reticulocytes (RET) count, which was even more 

pronounced five days after the last dose. On the other hand, the inactive Fc bsAb showed no impact on 

blood parameters (RBC, HGB, HCT, PLT) except for an increase in the reticulocyte count. These results 

showed that binding of CD47 on blood cells had a major effect with bsAb endowed with an Fc which is 

immunologically active. Otherwise, the administration of both bsAbs was well tolerated since no clinical 

signs were apparent and no body weight loss was observed during the course of the treatment (data not 

shown).  

.  
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Figure 26: Blood analysis following treatment with bsAbs. Blood was collected at the indicated time points and samples were 
run on ProCyte Dx Haematology Analyser. Red blood cell (RBC), hemoglobin (HGB), hematocrit (HCT), reticulocytes (RET), 
platelets, were measured. (n=4-8 mice per group). n.s., not significant, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 were 
obtained using the Kruskal-Wallis ANOVA with Dunn’s method multiple comparisons correction. Values are displayed as mean ± 
SD. 

 

3.2.4.2. MC38 tumor microenvironment analysis following treatment with bsAbs. 

Anti-tumor efficacy of anti-PD-L1 is linked to the modulation of immune response within the 

tumors and tumor draining lymph nodes [211]. To evaluate the impact of the CD47|PD-L1 bsAbs on 

immune subsets within the tumor microenvironment, MC38-bearing mice were treated antibody and the 

tumors and tumor draining lymph nodes (TdLN) were harvested on day 16. Tumors that ulcerated were 
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excluded from TME characterization (on day 15, 2 mice per group except for 1E5|VS9 /N where no mice 

were excluded). The bsAbs and the anti-PD-L1 treatments induced a delay in tumor progression that 

reached statistical significance in the group treated with the anti-PD-L1 and with the Fc inactive bsAb (Fig. 

27B). All the tumors showed high immune cell infiltration, which represented about 50% of the living cells 

after tumor dissociation (Fig. 27D). This infiltration was significantly increased in the tumors following 

treatment with anti-PD-L1 mAb and inactive Fc bsAb, where about 65% of the living cells in the tumor 

were CD45+ cells (Fig. 27E).  

Common lineage-defining markers were used to identify the main leukocyte populations (gating 

strategies are shown in Fig. S1), which revealed that the increase in CD45+ among living cells in all treated 

groups was mainly due to a higher proportion of infiltrating macrophages and T cells (Fig. 27E and Fig. S2). 

An increase in natural killer cells (NK) was observed mostly in the group treated with the anti-PD-L1 mAb 

(Fig. S2). A decrease in dendritic cells (DCs) was observed in all treated groups but was more marked in 

the two bsAb groups. A decrease in monocytes was also observed in the bsAb groups (Fig. S2). No 

significant changes were observed at the TdLNs level, except for a negligeable decrease in T cells observed 

in the group treated with the active Fc bsAb (Fig. S3). The number of neutrophils and B cells in the tumors 

was generally low and no significant changes were observed in this population while in the TdLN, only the 

B cells proportion showed a slight tendency to increase in the treatment groups (Fig. S4).  
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Figure 27: Flow cytometry characterization of intratumoral populations in MC38-bearing mice treated with anti-PD-L1 or the 
bsAbs. (A) Schematic illustrating the experimental design: 5x105 MC38 cells were injected above the hind leg (s.c. “high”) into 
C57BL/6 female mice (n = 11-12 mice/group). Mice were randomized into treatment groups on day 8 (mean tumor volume around 
50 mm3) and were treated i.p with either 200 μg of the bsAb with active Fc (1E5|VS9), 200 μg of bsAb with the inactive Fc (1E5|VS9 
/N), 200 μg of an anti-PD-L1 (10F.9G2) or 200 μg of an irrelevant hIgG1 control antibody on days 8, 11, and 14. (B) Individual 
tumor volume at two time points, D8 and D15 ± SEM. (C) Tumor growth is shown as average tumor size per group ± SEM and as 
individual tumor growth curves of control and treated groups. On the graph with average tumor size per group, the mice that 
reached the volume endpoint were assigned the maximum value for the the subsequent measurements. Mice with ulcerated 
tumors were indicated with a dot of a different color and were excluded from TME analysis. (D) Proportion of CD45+ and CD45neg 
cells among living cells. (E) Mean proportion of the main immune subgroup among living cells. n.s., not significant, *P<0.05, 
**P<0.01, ***P<0.001, ****P<0.0001 were obtained using the Brown-Forsythe and Welch ANOVA with Dunnett’s method for 
multiple comparisons correction. 

 

In the subsequent graphs (Fig. 28 to 30), infiltration by individual immune subsets is represented 

relative to all immune cells (CD45+), instead of living cells (Fig. 27 and S2). Overall, this alternative 
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representation of immune cell infiltrates revealed the same tendencies as the % of living cells 

representation discussed above.  

Myeloid cells are important modulators of the immune response within solid tumors and high 

myeloid infiltration is usually correlated with bad prognosis in the clinic [351]. On one hand, myeloid cells 

can promote tumor elimination via several mechanisms such as phagocytosis or secretion of pro-

inflammatory mediators. Yet, they often acquire an immunosuppressive phenotype during tumor 

development and end up supporting tumor growth. We evaluated how the treatment with bsAbs 

impacted the myeloid compartment, which represented the major part of the immune infiltrate in MC38 

tumors as shown in Fig. 27E. Active Fc bsAb treated group showed a higher proportion of macrophages 

while a decrease of monocytes was observed in both bsAbs treated groups (Fig. 28A). This may possibly 

represent a differentiation process where recruited monocytes in the TME give rise to macrophages. Since 

dendritic cells (DCs) are the most important professional antigen presenting cells bridging the innate and 

adaptive tumor responses, the impact of antibody treatment on this population was of particular interest. 

A decrease in DCs in the TME was observed in all treatment groups (Fig. 28A). I speculated that this 

decrease might be due to DC migration to the TdLNs, however, no corresponding increase in DCs was 

observed in TdLNs (Fig. S3).  

Tumor associated macrophages (TAMs) are a heterogeneous and plastic population which can be 

polarized toward an activation state following treatment with anti-cancer drugs, including immune 

checkpoint inhibitors [84], [352]. I therefore evaluated if the antibody treatment induced changes in their 

phenotype. Strikingly, all treated groups showed an increase in markers associated with M1-like 

phenotype (iNOS+, MHCII+CD206-) commonly associated with proinflammatory functions [353](Fig. 28B). 

Conversely, the proportion of macrophages with M2-like phenotype (MHCII-CD206+), associated with 

immunosuppressive functions, decreased in all treated groups. Overall, even though the changes of M1-

like and M2-like macrophage phenotypes reached statistical significance only in the anti-PD-L1 and the 

inactive Fc bsAb treated groups, these observations suggest that the blockade of PD-L1 (with or without 

a concomitant blockade of CD47) induced a shift in the TME towards more tumor-hostile myeloid 

infiltrates.  
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Figure 28: Myeloid populations in the TME showed major changes in response to treatment. (A) Proportion of DCs, 
macrophages and monocytes among CD45+ cells in the TME. (B) Proportion M1-like (iNOs+, MHC IIhigh CD206-) and M2-like (MHC 
IIlow, CD206+) phenotypes among macrophages. n.s., not significant, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 were 
obtained using the Brown-Forsythe and Welch ANOVA with Dunnett’s method of multiple comparisons correction. Values are 
displayed as mean ± SD. 

 

Previous studies have shown CD8+ T cells to be critical for the efficacy of both anti-PD-L1 mAbs, 

and bispecific molecules targeting CD47 and PD-L1 [320], [324]. We therefore sought to assess the effect 

of bsAbs on the T cell infiltration in the TME of MC38 tumors. Both bsAbs and the anti-PD-L1 mAb induced 

an expansion of the T cells compartment, in particular CD8+, which was statistically significant for the 

groups treated with anti-PD-L1 and with the bsAb with the inactive Fc (Fig. 29A). Overall, CD4+ T cell 

infiltrations did not increase upon treatment (Fig. 29A). Regulatory T cells (Treg, CD4+Foxp3+) , which 

represent a highly immunosuppressive CD4+ population that promotes cancer progression [30] were 

slightly decreased. Conversely, Foxp3neg CD4+ T cells showed a tendency to increase in the treatment 

groups, albeit without reaching statistical significance, Fig. 29B and S5A). Also, the CD4+Foxp3+ population 

showed reduced proliferation (reduced Ki67 signal) in the treatment groups (Fig. 29B). Overall, both the 
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CD8+:CD4+ and the CD8+:Treg ratios were significantly increased in all treated groups (Fig. 29A and C), 

indicating that the antibody treatment resulted in a more pro-inflammatory, anti-tumor TME [354].  

We analyzed the proportion of effector/effector memory (CD44+ CD62L-) and central memory 

(CD44+ CD62L+) CD8+T cells in the TME and the TdLN following treatment. No changes were observed in 

the TME while in the TdLN all the treated groups displayed an increase in the CD8+ T central memory 

group (Fig. S5 and S6). With regards to CD4+ subsets in the TME, the proportion of effector/effector 

memory phenotype (CD44+CD62L-) decreased in all treatment groups and no significant change were 

observed in the TdLNs (Fig. S5 and S6).  

 

 

Figure 29: T cells subsets in MC38 tumors following treatment with bsAbs and anti-PD-L1. (A) Proportion of total T cells, CD4+ 
and CD8+ T cells among CD45+ and the ratio of CD4+ T cells to CD8+T cells (B) Proportion of Foxp3+ CD4+ T and analysis of their 
proliferative capacity (Ki67+). (C) Ratio of CD8+ T cells to Tregs (CD4+Foxp3+). n.s., not significant, *P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001 were obtained using the Brown-Forsythe and Welch ANOVA with Dunnett’s method for multiple comparisons 
correction. Values are displayed as mean ± SD. 

 

Analysis of markers associates with activation or exhaustion state were performed on CD4+ and 

CD8+ T cell subgroups (Fig. 30 and S7). A significant increase in PD-1 and CD69 expression was observed 

in the CD8+ T cell subpopulation (Fig. 30A). A small increase in CTLA-4 and Tim3 expression was observed 

in groups treated with anti-PD-L1 or the inactive Fc bsAb. Less changes were observed on the CD4+ 

population within the tumor (Fig. S7). On the other hand, upregulation of PD-1 in treated groups was way 
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more pronounced, and might possibly linked to exhaustion, or, alternatively, an increased activation of 

the T cells following antibody treatment [62] .  

Effector CD8+ T cells are characterized by enhanced proliferative capacity (Ki67+), expression of 

cytokines such as interferon-γ (IFN-γ) tumor necrosis factor-α (TNF-α) and production of cytotoxic 

molecules like granzyme B (GzmB) or perforin. An analysis of intracellular cytokines expression on TME 

cell suspension was performed following ex vivo non-specific stimulation with PMA and ionomycin. 

Functional characteristics of CD8+ T cells gave a complex picture: while the inflammatory cytokine 

production (IFN-γ and TNF-α) and the expression of Ki67 were decreased, an increase in the granzyme B 

(GzmB) expression was observed in treated groups compared with the control (Fig. 31B).  

 

Figure 30: Analysis of activation and exhaustion markers on CD8+ cells from MC38 tumor after ex vivo restimulation. (A) 
Proportion of PD-1+, CD69+, CTLA-4+ positive cells among CD8+ T cells. (B) Cytokine and cytotoxic compound production as well 
as proliferative ability were assessed by measuring the proportion of IFNγ+, Ki67+, TNFα+ and GzmB+ positive cells among CD8+T 
cells. n.s., not significant, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 were obtained using the Brown-Forsythe and Welch 
ANOVA with Dunnett’s method for multiple comparisons correction. Values are displayed as mean ± SD. 

 

3.2.4.3. Characterization of tumor microenvironment at two timepoints following treatment with the bsAbs 

In order to characterize the dynamic of the changes in the immune cell infiltration in the MC38 

tumors following the treatment with CD47|PD-L1 bsAbs, flow cytometry analysis of the TME was 

performed at two time points after initiation of the treatment. Tumors and tumor draining lymph nodes 

(TdLN) were harvested on day 10 and on day 16 post tumor engraftment for analysis. As described 

previously, some tumors displayed ulceration even at low volumes. This was observed in all groups. These 
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tumors were excluded from TME characterization. The effect of bsAbs was compared to a PD-L1 antibody 

(in contrast to previous experiments, the anti-PD-L1 mAb used in the current experiment was the parental 

mAb VS9 with a silenced Fc portion (VS9 /N). 

 

On day 10, the mean tumor volume was still similar in all groups, while on day 16 the tumors in 

the three treatment groups were in general significantly smaller than in the control group mice (Fig. 31B 

and C). The proportion of CD45+ cells among living cells showed that MC38 tumors were highly infiltrated 

already on day 10, with more than 50% of the cells being CD45-positive. At this early timepoint, the tumors 

treated with anti-PD-L1 mAb showed more important CD45+ infiltration than in the other groups (Fig. 

31D). Compared to D10, the TME at the later time point (D16) showed a relative decrease of immune cell 

infiltration in the control group and a marked increase in the 1E5|VS9 /N bsAb group, while in the VS9 

mAb and the 1E5|VS9 bsAb groups the ratio of CD45+ cells remained about the same (Fig. 31D). The 

relative decrease of CD45+ cell ratio observed with the control group on D16 could be due to larger 

tumors, reflecting more vigorous and less restrained tumor growth in the untreated animals. A more 

detailed analysis of the composition of immune cells infiltrating the TME suggests that the increased 

immune cell infiltrates seen in the 1E5|VS9 /N bsAb and the VS9 group were mostly composed of 

macrophages, and, to a lesser extent, of T cells (Fig. S8). The immune cell composition was also analyzed 

in the TdLNs, but no important differences could be demonstrated when comparing the treatment groups 

with the control or the earlier (D10) and the later (D16) immune cell infiltrates (data not shown).  

The different immune cell subpopulations were also represented and analyzed as percentage of 

total immune cell infiltrate (CD45+, Fig. S9 to S12). Overall, this alternative representation revealed a 

similar picture as data discussed above (immune cell subpopulations represented percentage as living 

cells). When comparing D10 to D16 infiltrates, DCs appeared more abundant at the later time point in the 

control group, while significantly decreasing in the inactive Fc bsAb group (Fig. S9A). Macrophages which 

constituted the bulk of immune infiltrates, showed an increased ratio at the later time point, but this did 

not appear to be treatment-specific (Fig. S10A).  

The activation status of the APCs was further characterized (Fig. S9 and S10). An increase in CD86, 

associated with a little decrease in CD80 expression was observed in all treated groups, both on day 10 

and on day 16 (Fig. S9C, D and S10C, D). Markers of macrophage polarization showed an increase of the 

M1-like signature (iNOS+, MHCII+CD206-) associated with a decrease of M2-like macrophages (MHCII-

CD206+) in the three treatment groups, which was accentuated on day 16 as compared to day 10 (Fig. 
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S10C, D). These results suggested that the treatment with anti-PD-L1 and with the bsAbs induced a shift 

towards a more pro-inflammatory phenotype. 

When comparing day 16 to day 10, a general decrease of T cell ratio within the CD45+ population 

found in the TME was observed, which was particularly noticeable in the control and in the active Fc bsAb 

groups (Fig. S12A, B). A marked decrease in CD4+ T cells (which constituted a major part of T cell infiltrate) 

was apparent in all groups (Fig. S12C, D), while the CD8+ content decreased only in the control group, but 

stayed generally the same in the three treatment groups (with a minor increase observed in the inactive 

Fc bsAb group, Fig. S12E, F) 

Globally, data summarized above suggest that PD-1/PD-L1 blockade (associated or not with the 

blockade of CD47/SIRPα) induced changes in the TME of MC38 tumors that could be interpreted as pro-

inflammatory and tumor-hostile. 
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Figure 31: Immune infiltrate in MC38 tumors analyzed at two time points. (A) Schematic illustrating the experimental design: 
5x105 MC38 cells were injected above the hind leg (s.c. “high”) into C57BL/6 female mice (n = 11-12 mice/group). Mice were 
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randomized into treatment groups on day 8 (mean tumor volume around 70 mm3) and were treated i.p. with either 200 ug of 
the bsAb with active Fc (1E5|VS9), 200 μg of bsAb with the inactive Fc (1E5|VS9 /N), 200 μg of an anti-PD-L1 (VS9 /N) or 200 μg 
of an irrelevant hIgG1 control antibody on days 8, 11, and 14. (B) Tumor growth is shown as average tumor size per group ± SEM 
and as individual tumor growth curves of control and treated groups. Mice with ulcerated tumors were indicated with a dot of a 
different color and were excluded from TME analysis. (C) Individual tumor volumes on day 8, 10 and 16 ± SEM. D) Proportion of 
CD45+ among living cells on day 10 and on day 16. (E-F) Mean proportion of the main immune subgroup among living cells on (E) 
day 10 and (F) day 16 Values are displayed as mean ± SD. n.s., not significant, *P<0.05, **P<0.01, were obtained using the Brown-
Forsythe and Welch ANOVA Dunnett’s method for multiple comparison correction in panel (C) and using the 2-way ANOVA with 
Tukey’s test of multiple comparisons in (D). 

 

I also wanted to compare antibody exposure in TME of treated animals. For that goal, cell surface 

expression of PD-L1 was assessed on CD45+ and CD45- cells by flow cytometry at the two time points 

Owing to binding competition between the primary FACS detection reagent (PD-L1 mAb clone 

MIH5) and the VS9 antibody, free (unbound) cell surface PD-L1 could be detected, which informed about 

target occupancy by the therapeutic antibody. On day 10, i.e., two days after the first antibody dose, 

neither immune (CD45+) nor non-immune (tumor, stromal, CD45neg) cells were bound by the detection 

reagent, demonstrating that cell surface PD-L1 was efficiently occupied by the bsAbs and the PD-L1 mAb 

(Fig. 32). A different picture emerged when evaluating unbound cell surface PD-L1 on D16, i.e., two days 

after the third and last administration of antibody. While a minimal level of detection reagent bound to 

cells from the PD-L1 mAb and the inactive Fc bsAb groups, strong binding was detected with cells from 

the active Fc group, suggesting that the active Fc bsAb was eliminated at a significantly faster rate than its 

Fc-inactive counterpart. This observation is consistent with the concept that the Fc portion is actively 

involved in the antibody elimination process [225], [355] . This is also supported by the pharmacokinetics 

of the two bsAbs observed in a previous experiment (see Fig. 26 panels F and G).  

To get a glimpse on the expression of the two bsAb targets in the TME of MC38 tumors, PD-L1 

and CD47 expression levels were determined in different cell populations in the control (untreated) group 

at D10 and D16. As anticipated [101], [206], the highest PD-L1 expression levels were found on myeloid 

cells, while CD47 signal was highest on myeloid cells and the CD45-negative cell population most probably 

corresponding to tumor cells (Fig. S13) 
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Figure 32: Quantification of PD-L1 expression on CD45+ and CD45neg cells the tumor microenvironment. Mean fluorescence 
intensity was quantified on day 10 and on day 16 on CD45+ and CD45neg. Dotted line represents the Fluorescence Minuse One 
(FMO) signal level. Values are displayed as mean ± SD. 

3.2.5. BsAb efficacy, and pharmacokinetics, as compared to the parental mAbs  

To compare the efficacity, the PK and the hematotoxicity profiles of bispecific antibodies versus 

their parental mAbs and a combination thereof, two consecutive in vivo experiments were run, one 

involving antibodies with a fully active Fc portion, the other one with Fc-silenced antibodies.  

 

3.2.5.1. Anti-tumor efficacy, PK and safety profile of antibodies with a silenced Fc portion 

With regards to efficacy, all treatment groups, except the anti-CD47 mAb, showed a delay in 

tumor growth (Fig. 33B). The bsAb and the PD-L1 mAb showed a similar efficacy, while the combination 

of CD47 and PD-L1 mAbs was even more potent (Fig. 33B and C – please note that the overall antibody 

dose in the latter group was two times higher than in the other treatment groups). As in the previous 

experiments, some mice showed tumor ulceration (without correlation with the treatment) and therefore 

had to be euthanized. No body weight loss was observed in any of the treatment groups, excluding mice 

with tumor ulceration (Fig. 33D)  

The levels of antibody in the plasma measured by ELISA at three different time points showed 

strikingly diverse profiles (Fig. 33E). For both the control hIgG1 and the anti-PD-L1 mAb, elevated antibody 

levels were apparent, also at D18, i.e., 4 days after the last dose. On the contrary, antibodies targeting 

CD47, (both the mAb and the bsAb) were more rapidly eliminated from the circulation, probably reflecting 

a powerful TMDD resulting from ubiquitous and abundant expression of CD47 in healthy tissues (“antigen 

sink”), especially in blood cells. The antibody combination presented a mixed PK profile, reflecting 

different PK characteristics of the two constituent mAbs.  
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Figure 33: Therapeutic efficacy of the bsAb 1E5|VS9 /N and the corresponding mAbs in a MC38 tumor model. (A) Schematic 
illustrating the experimental design: 5x105 MC38 cells were injected above the hind leg (s.c. “high”) into C57BL/6 female mice (n 
= 8-9 mice/group). Mice were randomized into treatment groups on day 8 (mean tumor volume around 120 mm3) and were 
treated i.p. with either 200 μg of bsAb with the inactive Fc (1E5|VS9 /N), 200 μg of an anti-PD-L1 (VS9 /N), 200 μg of an anti-CD47 
(1E5 /N), the combination of 200 μg of anti-PD-L1 (VS9 /N) and 200 μg of anti-CD47 mAb (1E5 /N) or 200 μg of an irrelevant hIgG1 
control antibody on days 8, 11, and 14. (B) Individual tumor volume on day 8, 14 and 16 ± SEM and tumor growth as average 
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tumor size per group ± SEM. For average tumor size per group: once a mouse reached the volume endpoint, the following 
measurements were assigned a maximal value. (C) Individual tumor growth curves of control and treated groups. Mice with 
ulcerated tumors were indicated with a dot of a different color and were euthanized. (D) Percent of initial body weight. Mice that 
lost weight due to ulceration were identified with a dot of a different color. (E) Mean serum concentrations (n = 4-6) ± SD were 
determined using the FastELISA system (RD-Biotech) on day 10, day 15 or 18 after engraftment. n.s., not significant, *P<0.05 were 
obtained using the Brown-Forsythe and Welch ANOVA Dunnett’s method for multiple comparison correction. 

The effect of the bsAb and the mAbs on blood cells was evaluated in tumor bearing mice. In 

addition, the impact of the bsAb treatment was also evaluated in tumor-free mice (designated as “naïve 

mice”, Fig. 34 and S14). Mice treated with the inactive Fc bsAb showed reduced red blood cell count (RBC), 

hemoglobin (HGB) and hematocrit (HCT) one day after the last (i.e., the third) dose. This decrease was 

correlated with an increase in reticulocyte (RET) count, which was even more pronounced five days after 

the last dose (Fig. 34). Intriguingly, a minor decrease in platelet count was seen with the anti-PD-L1 mAb, 

which is difficult to explain.  
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Figure 34: Blood parameters analysis following treatments. Mice were treated on day 8, 11 and 14 and blood was collected on 
day 10, day 15 and day 18. Samples were run on ProCyte Dx Haematology Analyser. A) Red blood cell (RBC), B) hemoglobin (HGB), 
C) hematocrit (HCT), D) reticulocytes (RET), and E) platelets were measured (n=3-5 mice per group). n.s., not significant, *P<0.05, 
**P<0.01, were obtained using the Kruskal-Wallis ANOVA with Dunn’s method of multiple comparisons. Only significant 
differences were indicated on the graphs. Values are displayed as mean ± SD. 
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3.2.5.2. Anti-tumor efficacy, PK and safety profile of active Fc bsAb and mAbs 

The anti-PD-L1 mAb with an active hIgG1 Fc portion induced an important and prolonged delay in 

tumor growth (Fig. 33B and C). The effect of the bsAb was smaller but also apparent, while the anti-CD47 

mAb did not seem to have any effect on tumor progression. On the other hand, the administration of the 

anti-CD47 mAb with an active Fc portion resulted in transient body weight loss in some animals (Fig. 35D). 

Unfortunately, the anti-tumor efficacy of the combination therapy (mAb 1E5+VS9) could not be assessed 

at later time points due to tumor ulceration in 6 out of 8 animals in this group. 

Antibody levels in the plasma suggested that Fcγ receptor binding importantly impacted the PK 

profiles by enhancing antibody elimination (Fig. 35E). That effect was apparent with the PD-L1 mAb when 

comparing with the previous experiment (see Fig. 33) but was even more pronounced for the bsAb and 

the anti-CD47 mAb. 

Interestingly, in contrast to the experiment with antibodies bearing a silenced Fc portion, analysis 

of blood from animals treated with antibodies with a fully active Fc did not show any hematotoxic effect 

of the PD-L1/CD47 bsAb (Fig. 36 and S15). This discrepancy is counter intuitive, but could potentially be 

explained by the extremely poor PK of the active Fc bsAb, resulting in much lower levels of circulating 

antibody as compared to the inactive Fc bsAb (see Fig. 33 and 25). However, the anti-CD47 mAb – also 

rapidly eliminated from the circulation – induced a reduction in RBC, HGB, HCT on day 10, which was 

followed by a compensatory increase in reticulocytes observed at later time points (day 16 and day 18, 

the latter was also apparent with animals treated with the bsAb and the mAb combination therapy). 

Platelet counts were also impacted by the CD47 antibody bearing an active Fc. Overall, this picture is 

consistent with previous findings showing that the hematotoxicity profile of CD47 mAbs is dependent 

their affinity to the target and the Fc portion [242], [243], [279]. 
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Figure 35: Therapeutic efficacy of the bsAb 1E5|VS9 and the corresponding mAbs in a MC38 tumor model. (A) Schematic 
illustrating the experimental design: 5x105 MC38 cells were injected above the hind leg (s.c. “high”) into C57BL/6 female mice (n 
= 8-9 mice/group). Mice were randomized into treatment groups on day 8 (mean tumor volume around 120 mm3) and were 
treated i.p. with either 200 μg of bsAb with the active Fc (1E5|VS9), 200 μg of an anti-PD-L1 (VS9) , 200 μg of anti-CD47 (1E5) the 
combination of 100 μg of anti-PD-L1 (VS9) and 100 μg of anti-CD47 mAb (1E5) or 200 ug of an irrelevant hIgG1 control antibody 
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on days 8, 11, and 14. (B) Individual tumor volume on day 8, 10 and 16 ± SEM and tumor growth as average tumor size per group 
± SEM. For average tumor size per group: once a mouse reached the volume endpoint, the following measurements were 
assigned a maximal value. (C) Individual tumor growth curves of control and treated groups. Mice with ulcerated tumors were 
indicated with a dot of a different color and were euthanized. (D) Percent of initial body weight. Mice that lost weight due to 
ulceration were identified with a dot of a different color. (E) Mean serum concentrations (n = 4-6) ± SD were determined using 
the FastELISA system (RD-Biotech) on day 10, day 16 or 18 after engraftment. n.s., not significant, *P<0.05, **P<0.01 were 
obtained using the Brown-Forsythe and Welch ANOVA Dunnett’s method for multiple comparison correction. 

 

 

Figure 36: Blood parameters analysis following treatments. Mice were treated on day 8, 11 and 14 and blood was collected on 
day 10, day 16 and day 18. Samples were run on ProCyte Dx Haematology Analyser. (A) Red blood cell (RBC), (B) hemoglobin 
(HGB), (C) hematocrit (HCT), (D) reticulocytes (RET), and E) platelets were measured (n=3-5 mice per group). n.s., not significant, 
*P<0.05, **P<0.01, were obtained using the Kruskal-Wallis ANOVA with Dunn’s method of multiple comparisons. Only significant 
differences were indicated on the graphs. Values are displayed as mean ± SD. 
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4. Discussion 

4.1. Background 

Immunotherapy breakthroughs in the early 2000s brought a new perspective for cancer 

treatment. Blockade of immune checkpoints, principally CTLA-4 or PD-1/PD-L1, via antagonizing 

antibodies has revolutionized the field of oncology. These new treatments resulted in long term patient 

survival in a broad range of cancers that were previously untreatable. However, despite tremendous 

responses observed in clinical trials, the efficacy of immune checkpoint inhibitors (ICI) is limited to a subset 

of patients[227]. In order to boost the anti-tumor response and circumvent resistance mechanisms, 

combination treatments are being evaluated in the clinic. In particular, anti-PD-1 or anti-PD-L1 combined 

with other T cell immune checkpoints such as anti-CTLA-4 showed enhanced therapeutic benefits [231], 

[356], [357]. Also, combining ICI with other treatments targeting non redundant tumor-promoting 

mechanisms may lead to increasingly efficient therapeutic strategies [358]. One example is innate 

immune checkpoint inhibitors, aimed at reversing immunosuppression in the TME such as anti-CD47 

mAbs [358]–[360]. CD47 is expressed on virtually all cells and is considered as a marker of self for innate 

immune recognition [234]. By interacting with SIRPα present at the surface myeloid cells, CD47 provides 

a “don’t eat me” signal that protects the cell from destruction by innate immune phagocytes, principally 

macrophages [237].  

Early preclinical studies have demonstrated that overexpression of CD47 on cancer cells allows 

the tumor to escape immune surveillance and is associated with poor prognosis [245], [269], [272]. 

Targeting CD47 with mAbs has shown promising effects in mouse tumor models, promoting phagocytosis 

of tumor cells and enhancing antigen cross presentation [242], [270], [280], [285], [288], [361]. Yet, this 

therapeutic strategy suffers from important drawbacks, principally related to ubiquitous expression of 

CD47 in healthy cells. As a consequence, anti-CD47 mAbs and SIRPα-Fc fusion proteins are characterized 

by poor pharmacokinetics (caused by an important “antigen sink”, mostly harbored by red blood cells) 

and by some toxic side effects. In particular, binding to red blood cells (RBC) and platelets may result in 

anemia or thrombocytopenia, principal hematologic adverse events observed in clinical trials with CD47 

inhibitors [245], [291], [362]. In addition, the “antigen sink” mandates high and frequent antibody dosing, 

necessary to maintain acceptable drug exposure [295], [296].  

While no CD47-targeting therapeutic is on the market yet, a multitude of experimental drugs are 

now at different stages of clinical development [242], [243], [245]. Both the affinity to the target and the 

binding of the Fc part to Fcγ receptors impact antibody safety, pharmacokinetic and efficacy [350], and 
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this applies in particular to CD47 inhibitors, given the abundant expression of this target on healthy 

tissues. To achieve an acceptable compromise between safety and efficacy of CD47 inhibitors, diverse 

approaches exist. The most common consists on downmodulating or silencing the antibody Fc portion. 

Such molecules, like the anti-CD47 mAb magrolimab (hu5F9-G4, the leading CD47-targeting drug, 

currently in phase III clinical trials) still require high and frequent dosage, but show manageable anemia 

and thrombocytopenia [243], [284], [294]. However, the tradeoff of increased safety with 

downmodulated or silenced effector functions is limited efficacy, especially when such antibody is used 

as a single agent. As a consequence, magrolimab is mainly investigated in combination therapies (e.g., 

with hIgG1 mAbs endowed with full Fc functionality, like Rituxan) [245], [293]. The same situation applies 

to SIRPα-Fc fusion proteins in clinical development, such as ALX148 [299] or TTI-622 [300]. 

 

4.2. Targeting CD47 with bispecific antibodies 

Another approach to overcome the problems arising from ubiquitous expression of CD47 consists 

of using bispecific antibodies (bsAb) with unbalanced affinities. This allows to restrain CD47 blockade to 

defined cell populations, with a low affinity anti-CD47 arm associated to a high affinity arm directed 

toward another cell surface molecule, typically a tumor-associated antigen (TAA) [301], [305], [363]. The 

unbalanced affinity promotes targeting of TAA-positive cells and avoids binding to CD47 expressed on 

(TAA-negative) healthy cells resulting in improved pharmacokinetic and safety properties. This restricted 

binding profile allows endowing the CD47|TAA bsAb with an active Fc portion, boosting effector functions 

and anti-tumor abilities [305], [306], [363]. Several such bsAbs have shown promising results in preclinical 

studies and are now in clinical trials [245], [301], [303].  

Numerous preclinical studies combining the inhibition of the PD1/PD-L1 and CD47/SIRPα immune 

checkpoints delivered promising results [286], [316]. Current clinical trials usually study mAb 

combinations [245], [302]. However, there is a strong rationale for inhibiting both immune checkpoints 

with a bispecific antibody. Both CD47 and PD-L1 are overexpressed in tumor cells, which is associated with 

poor clinical outcome [176], [272]. In addition, their expression in tumor cells was found to be often co-

regulated at transcriptional level by the MYC oncogene [313]. Last but not least, for reasons explained 

above, a bispecific antibody with unbalanced affinities is preferred to a mAb as far as CD47 targeting is 

concerned.  
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Our aim was to evaluate the anti-tumor efficacy, pharmacokinetics and safety of CD47|PD-L1 

bsAbs in vivo, in syngeneic tumor mouse models. For bsAb generation, we principally used the bispecific 

antibody format developed at Novimmune, referred to as the κλ body [175]. These κλ bodies were 

designed to have a high affinity anti-PD-L1 arm with a dual function: first, potent blockade of the PD-1/PD-

L1 interaction (the CPI function), and, second, driving the binding to PD-L1-positive cells (the “guide arm” 

function). The lower affinity anti-CD47 arm was aimed at blocking the CD47/SIRPα interaction upon PD-

L1 coengagement at the cell surface, at the same time limiting monovalent binding to PD-L1 negative cells 

(i.e., the vast majority of CD47-positive cells). In the course of this project, successive waves of CD47|PD-

L1 bsAbs were generated and tested in vitro and in vivo. In an attempt to improve upon the in vivo efficacy 

of bsAb treatment, anti-PD-L1 arms and anti-CD47 arms of various affinities were combined with active 

or inactive Fc portions, either of mouse or human origin. As a consequence, I generated and tested three 

different waves of bsAbs (the first wave bsAbs with mIgG2a Fc portion, 2nd and 3rd wave bsAbs with hIgG1 

Fc portion). As expected, CD47|PD-L1 bsAbs bound strongly to double positive cells showing reduced 

binding to PD-L1-negative cells, in particular to erythrocytes. I also showed that the bsAbs co-engaged the 

two targets on double-positive cells, efficiently disrupting the CD47/SIRPα and the PD-1/PD-L1 

checkpoints.  

 

4.3. Anti-tumor efficacy of PD-L1 |CD47 bsAbs  

To evaluate the anti-tumor efficacy of our bsAbs, we started by setting up two syngeneic mouse 

models, CT26 immunogenic cell lines described to be partially responsive to PD-1/PD-L1 inhibition, and a 

non-immunogenic cell line, 4T1. Unfortunately, after a series of pilot experiments and testing two 

alternative s.c. engraftment sites (Fig. 13), both models were eventually abandoned: 4T1 showed early 

tumor ulceration at low tumor volumes (data not shown), while CT26 was not responding to treatment 

with a “benchmark” anti-PD-L1 antibody widely used in preclinical research (Fig. 13-14) [331]. We 

therefore switched to the popular hypermutated colorectal cancer model MC38, known to respond well 

to ICI treatment [209], [338].  

We then evaluated the efficacy of the first wave bsAbs, which had the same anti-PD-L1 arm (6E8), 

an immunologically active Fc portion (mIgGa) but different anti-CD47 arm, one of intermediate affinity 

(mC2) and one low affinity (GD1). Both bsAbs marginally delayed tumor growth and increasing the dose 

from 10 to 20 mg/kg did not result in a superior anti-tumor efficacy compared to the anti-PD-L1 mAb (Fig. 

16). The effect of both bsAb was comparable, despite having anti-CD47 arms of significantly different 
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affinities (mC2, KD= 108.2 nM; GD1, KD= 2130 nM,). The lack of differentiation with the two bsAbs may 

have seemed surprising at a first glance, but it might just reflect the offset between the effect of a more 

potent CD47 inhibition (mC2) on one side, and a superior exposure (GD1). Of note, in a previous study 

comparing the in vivo efficacy of two CD47|TAA bsAbs with different CD47 arms in the B cell lymphoma 

A20 tumor model, the low affinity CD47 bsAb arm GD1 resulted in a superior anti-tumor efficacy, 

pharmacokinetics, and distribution profile than the intermediate affinity CD47 bsAb mC2 [305]. 

Importantly both bsAbs analyzed in the present study showed inferior (at least, not superior) to the anti-

PD-L1 mAb, which starkly contrasts with recently published research using a similar experimental 

approach [320], [324].  

I hypothesized that the poor performance of the bsAbs in the MC38 model could be due to 

insufficient affinity of the 6E8 anti-PD-L1 arm. While the 6E8 mAb blocked the PD-1/PD-L1 interaction in 

vitro with a similar potency as atezolizumab and the benchmark mAb 10F.9G2 (Fig. 12A), it was less 

efficacious in vivo (Fig. 17). What is more, I speculated that a CD47|PD-L1 bsAb might require a more 

potent PD-L1 arm for an efficient PD-L1 blockade in the TME, given the anticipated negative effect of the 

CD47 antigen sink on antibody distribution and on tumor penetration in particular. 

In parallel with the 6E8-based bsAbs in vivo experiments, a new anti-PD-L1 arm with higher affinity 

was identified by phage display (VS9, Fig. 20). This allowed us to generate three VS9-based bsAbs: two 

bsAbs with an anti-CD47 arm of intermediate affinity (1E5), either an active or an inactive hIgG1 Fc part 

and one bsAb with the GD1 arm with an active Fc part (Table 4, Figs 21-23). As compared to 6E8, VS9-

based antibodies showed a significantly higher PD-1/PD-L1 blocking potency, both in the mAb and in κλ 

body (bispecific and monovalent) formats (Fig. 24).  

The accumulated experience with syngeneic tumor models demonstrates that variability in tumor 

growth kinetics reflects the complexity of the interactions between the immune system and the tumor 

and is a major factor influencing the efficacy of experimental immunotherapy [364]. When comparing 

MC38 tumor growth curves obtained in our laboratory with published data, we realized that, in general, 

these tumors were growing much faster and were less responsive to PD-L1 mAb treatment in our 

experiments [209], [320], [328]. This led us to test and subsequently adopt an alternative subcutaneous 

tumor engraftment technique (named here “s.c. high”) that resulted in a slower tumor growth and overall 

better responses to PD-L1 blockade (Fig. 25 and data not shown). According to a few published papers, 

this change might result in more immunogenic tumors, which would explain the slower growth and an 

increase in treatment efficacy [347]–[349].  

 



107 
 

Using the new engraftment protocol, several in vivo experiments were run to assess the 

therapeutic efficacy of the two CD47|PD-L1 bsAbs (bearing an active or a silenced Fc portion), safety, 

antibody pharmacokinetics, and treatment-induced changes in the MC38 tumor microenvironment (Figs 

25-36).  

From the point of view of treatment efficacy, it would be difficult to draw any definitive 

conclusions as to the superiority of any of the two Fc versions of the 15E|VS9 bsAbs. If subtle differences 

emerged in individual experiments, a clear distinction cannot be made based on the entire set of MC38 

experiments performed in this study. Overall, the same could be said when comparing the bsAbs with the 

PD-L1 mAb treatment – no distinct superiority of one treatment versus another was apparent. In other 

terms, we were not able to confirm here the advantage of CD47|PD-L1 targeting over PD-L1 monotherapy, 

as recently described in two other studies [320], [324]. Likewise, the CD47 and PD-L1 mAb combination 

therapy showed superior to the bsAb in our hands in one of the experiments, with antibodies with silenced 

Fc portion (Fig. 33; the efficacy of the mAb combination in the context of an active Fc could not be 

established due to premature tumor ulceration in most of the animals in this group, see Fig. 35). As to the 

CD47 mAb, either with active or inactive Fc did not show any significant anti-tumor efficacy in this model, 

which confirms previous findings [320], [324]  

I hypothesized that one of the reasons for insufficient anti-tumor efficacy of the bsAbs could be 

linked to short antibody half-life, which may result in insufficient exposure. Thus, a significantly higher 

dosing may be required for a superior therapeutic effect. Indeed, a recently described CD47|PD-L1 bsAb 

(with a high affinity CD47 arm and an active Fc portion, Chen et al., (JITC, October 2021, ref. [324]) required 

unusually high dosing — 6 doses at 40 mg/kg twice a week — to reach maximal efficacy in the MC38 

models. This is significantly higher than the rather conventional dosing I used in my experiments, i.e., 3 to 

4 doses at 10 or 20 mg/kg twice a week (I did not retest our bsAbs at such high doses, due to time and 

material constraints and potential hematotoxicity considerations, see next section). However, another 

relevant publication using a similar experimental approach suggested that a high bsAb dosing may not be 

necessary. In a paper published by Liu et al., (Cell. Rep, August 2018 ref. [320]) a remarkable anti-tumor 

efficacy of a PD-L1|SIRPα Fc fusion protein (bearing a wild-type hIgG1 Fc portion) was achieved after just 

two doses at 5 mg/kg, administered 4 days apart [320]. 

Notwithstanding, the MC38 tumors in the experiments published by Liu et al. [320] showed a 

significantly slower growth as compared to our experiments (the s.c. high protocol) and Chen et al. [324]. 

As already mentioned, slower tumor growth may reflect a more vigorous immune response against the 

implanted tumor and would be expected to allow for a better efficacy of immunotherapy, CPI in particular. 
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What is more, several factors affecting the immune competence of the host animals (mouse provider, gut 

microbiota, housing conditions) may largely affect inter-laboratory reproducibility and variability of in vivo 

preclinical experiments [365]. Last but not least, we cannot exclude that the MC38 cell line we have differs 

slightly but importantly from MC38 used in the other studies. Commercial availability of MC38 is 

restricted, and this cell line is usually passed from one lab to another, which probably results in genetic 

drift and heterogeneity [366], [367]. Finally, protocols for cancer cell line culture may differ between labs, 

which could account for additional variability and lack of reproducibility of in vivo data [367].  

When comparing the therapeutic efficacy of the two 1E5|VS9 bsAbs differing by their Fc portion 

and associated effector functions, we have not noticed any significant and consistent difference. This 

again is in stark contrast with the results published by Chen et al., showing a net therapeutic advantage 

of the wild type mIgG2a Fc-endowed CD47|PD-L1 bsAb over its Fc-null counterpart [324]. The latter can 

be understood on the grounds that the IgG Fc contributes to bsAb efficacy by mediating the direct 

elimination of (PD-L1-positive) MC38 tumor cells by effector cells of innate immunity (macrophages, NK 

cells, NKT cells).  

On the other hand, the active IgG Fc portion was found to negatively impacts the 

pharmacokinetics of our CD47|PD-L1 bsAb as shown in (Fig. 25, see below). Thus, in the end, the 

difference in antibody half-life and exposure in favor of silenced Fc variant may potentially compensate 

for the lack of tumor cell killing functions.  

 

4.4. Pharmacokinetics and safety 

We observed that an active Fc part had a negative impact on antibody half-life. When compared 

side by side, the wild type hIgG1 Fc bsAb showed faster elimination than the one with a silenced Fc portion 

(Fig.25). This was confirmed by an assessment of PD-L1 receptor occupancy in the TME two days after the 

third (i.e., the last) administration of bsAb, pointing at a significantly lower exposure with the Fc active 

bsAb variant (Fig. 32). A more rapid antibody elimination associated with an active Fc portion was also 

observed in subsequent experiments, both with the bsAbs but also with the CD47 and PD-L1 mAbs (Figs 

33 and 35). While this could be easily explained for the CD47 mAbs and the bsAbs, given an expected 

TMDD effect (mediated by the CD47 antigen sink), it is less obvious for the PD-L1 mAb. Nonetheless, our 

findings correlate with clinical data on the PK of two PD-L1 ICI mAbs, atezolizumab and avelumab, 

attesting a significantly shorter half-life of the latter [225], [355]. The fact that avelumab has a wild-type 

hIgG1 Fc part and atezolizumab has a silenced Fc may well explain that difference, although other factors 
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(like the higher affinity of avelumab, different physicochemical properties, etc., ) could also be responsible 

for the observed difference in PK.  

 

In the context of CD47 targeting, the Fc functionality is expected to significantly affect the 

hematotoxicity profile of the antibody. Indeed, several pre-clinical studies showed that CD47-targeting 

molecules associated with active Fc part trigger hematotoxicity (usually appearing as anemia or 

thrombocytopenia) while the same exact molecule but with an inactive Fc has no deleterious impact (i.e. 

ALX148 versus ALX377) [243], [279], [299]. Early clinical data from TTI-621, a SIRPα-Fc fusion protein 

endowed with an immunologically active Fc portion (hIgG1) showed dose-limiting toxicity at low dose (0.2 

mg/kg) upon systemic administration in patients [291], [368]. Confirming published findings [243], the 

anti-CD47 mAb with an active Fc part triggered a partial depletion of platelets and lowered RBC levels, 

which was associated with body weight loss (Figs 35 and 36). In the case of the CD47|PD-L1 bsAbs, the 

three experiments in which we have analyzed blood parameters following antibody treatment did not 

give a clear indication as to the relationship between the antibody Fc part and hematotoxicity. In the first 

experiment comparing the two versions of the VS9/1E5 bsAb, we noticed that, contrary to the silenced Fc 

bsAb, the active Fc bsAb impacted RBC, HGB, HCT and platelet levels, especially when assessed soon after 

the cessation of the treatment (i.e., two days after the 3rd and last dose, Fig. 26). Intriguingly, the 

association of hematotoxicity with an active Fc portion was not confirmed in a subsequent experiment 

(aimed at comparing the bsAbs with the corresponding mAbs and the combination therapy, see Figs 35 

and 36). I assume that a lower dosing (10 mg/kg, instead of 20 mg/kg in the first experiment) resulted in 

a quicker elimination of the antibody (compare Fig. 26 with Fig. 35 and see next section) which weakened 

the hematotoxic potential of the bsAb with an active Fc portion.  

 

4.5. Effect of CD47|PD-L1 BsAbs on the tumor immune microenvironment 

In order to evaluate if the nature of immune responses triggered by CD47|PD-L1 bsAbs, I analyzed 

the major immune populations infiltrating the tumor microenvironment (TME) and the tumor draining 

lymph nodes (TdLNs). Flow cytometry analysis was performed at two time points, two days after the 1st 

antibody dose (early timepoint) and two days after the 3rd and last dose (late timepoint).  

Tumor infiltrating macrophages (TAMs) are a heterogeneous population that can exert both anti-

tumor and pro-tumor functions in the TME, depending on their polarization state (M1-like or M2-like, 
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respectively). I showed here an increase in macrophage infiltration following treatment with CD47|PD-L1 

bsAbs, which was associated with enhanced polarization towards the M1-like phenotype (iNOS+, MHC II+ 

CD206-) and decreased M2-like phenotype (MHCII-, CD206-). This change was observed at the late 

timepoint in two different experiments. At the same time, I also observed a decrease in monocytes, which 

could represent a differentiation to macrophages or, alternatively, could just reflect reduced monocyte 

recruitment into the tumor.  

DCs are key for the generation of anti-tumor adaptive immune responses following treatment 

with ICIs, anti-CD47 mAbs, or bsAbs [280], [287], [320], [324]. I observed a net decrease in DC infiltration 

in the treatment groups at the late timepoint. I speculated that this could reflect, at least in part, the 

migration of mature DCs to the tumor draining lymph nodes, but I was unable to confirm this hypothesis 

due to technical limitations. At the same time, the DCs remaining in the TME displayed an intriguing 

increase in the expression of the costimulatory receptor ligand CD86, associated with a decrease in CD80 

expression. The latter may possibly be due to the recently described phenomenon of CTLA-4 mediated 

removal of CD80 by transendocytosis [32]. In vivo experiments have shown that PD-L1 interacts in cis with 

its’ ligand CD80 on the surface of an APC protecting it from removal by transendocytosis [194], which can, 

in turn, be blocked with a PD-L1 mAb. It is therefore possible that the CD47|PD-L1 bsAbs indirectly induced 

CTLA-4 mediated transendocytosis of CD80 expressed at the surface of DCs and macrophages in the TME. 

Cellular immunity and in particular CD8+ T cells are the ultimate effectors of immunotherapies 

[320], [324]. At the late timepoint, the treatment with the bsAbs resulted in an increase of the CD8+ T 

cells and the CD8+ T cells to Treg ratio, a feature commonly associated with an efficient anti-tumor 

response and a good prognosis in the clinic [354]. Based on the analysis cell surface markers, CD8+ T cells 

displayed a mixed signature, between activation and exhaustion, suggesting that the bulk of this T cell 

population in the TME may represent a pre-dysfunctional state. No specific changes were observed with 

regard to the CD4+ T cells subsets neither in the TME nor in the TdLNs.  

 

To summarize, the treatment with both CD47|PD-L1 bsAbs induced changes corresponding to a 

more tumor-hostile immune microenvironment, such as an increase in macrophages skewed towards the 

M1-like phenotype, as well as an increase in CD8+ cell infiltration. My observations were therefore similar 

to those published by Chen et al. [324]. However, contrary to my experiments, Chen et al. were able to 

show distinct changes restricted to the bsAb treatment group as compared to the PD-L1 mAb group. In 

my TME analysis, most of the changes observed following bsAb treatment were also apparent in the PD-
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L1 mAb group. I speculate that the generally similar antitumor efficacy of bsAbs and PD-L1 mAbs seen in 

the present study could account for the observed similarity in immune cell infiltrates.  

 

4.6. Perspectives and conclusion 

In this work, I investigated the antitumor efficacy and the mechanism of action of CD47|PD-L1 

neutralizing bispecific antibodies. Over the course of my thesis, I generated several versions of bsAbs, 

differing in the affinities of the arms and the effector functions of the Fc region. I was eventually able to 

demonstrate a partial bsAb-induced tumor growth inhibition in the MC38 model, but failed to confirm the 

net superiority of the bispecific approach over PD-L1 mAb monotherapy, as shown by three recent studies 

[308], [320], [324]. ). Unfortunately, the bsAb generation took – for unanticipated technical reasons – 

considerably more time than planned, and the same could be said of the multiple and long-lasting 

unsuccessful attempts to set up and optimize in vivo protocols. As a consequence, the project timelines 

become very tight, and I was unable to complete the in vivo analysis of all the bsAbs I had generated. So, 

even though I could confirm antitumor activity with several of these CD47|PD-L1 bsAbs in the MC38 

model, the accumulated data does not allow drawing robust and unambiguous conclusions as to the 

impact of the CD47 arm or the PD-L1 arm affinity, or the effect of Fc-mediated effector functions on bsAb 

antitumor efficacy. In this context, it would be particularly interesting to continue comparative in vivo 

studies with the various 6E8-based and the VS9-based bsAbs. That could shed more light on the 

importance of the affinities of individual bsAb arms and the effector functions of the Fc portion, both on 

the efficacy and on the pharmacokinetics of individual bispecific antibodies. In particular, it would be 

interesting to assess the role of the CD47 arm affinity in association with a potent PD-L1 arm and an active 

Fc portion, by comparing head-to head the 1E5|VS9 bsAb and the GD1|VS9 bsAb. I speculate that the 

latter should show a more restricted, more PD-L1-dependent CD47 binding pattern resulting in less CD47-

mediated TMDD, superior PK and tumor exposure, which, in turn, might result in better anti-tumor 

efficacy. Such an inverse relationship between CD47 arm affinity and bsAb efficacy has already been 

described by Dheilly et al with CD47|hCD19 bsAbs and hCD19-expressing A20 tumors. [305]. It could be 

interesting to address the affinity-efficacy relationship with the currently available tools, in the context of 

PD-L1 expressed both in the TME, by tumor and non-tumor cells, and in the periphery.  

 

The importance of the Fc part for the PD-L1 mAb PK I observed in the present study (the active Fc 

resulting in a shorter half-life) suggests a more significant contribution of PD-L1 to TMDD than initially 
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expected. Overall, our experience with the different mAbs and bsAbs we have tested in this study suggests 

that testing the antibody PK to in syngeneic models could be an important preliminary step for the 

establishment of a correct dose/treatment schedule for subsequent efficacy studies.  

Provided a reliable in vivo protocol allowing for a convincing, reproductible efficacious treatment 

with CD47|PD-L1 bsAb could be established, a number of studies using these reagents could be 

attempted. To further extend the characterization of the mode of action of the CD47|PD-L1 bsAb we 

should try to evaluate the importance of PD-L1 expression on the tumor cells versus host cells, by using a 

PD-L1 KO tumor cell line. Studies with KO cell lines might help us to better understand which cell 

populations are important for the antitumor efficacy of CD47|PD-L1 bsAb.  

The effect of the bsAb on the TME would also deserve further investigation. Given the complexity 

of the TME, not only with regards to the different populations but also their differentiation and activation 

profiles, a subsequent TME analysis would ideally be performed using “big data” approaches [369], such 

as single-cell RNA-seq [324]. Treatment-induced changes in immune cells infiltrating the tumor or the 

tumor periphery could even better be addressed by spatial transcriptomics [69]. Treatment-induced 

changes in DCs would be of particular interest, as this cell population expresses high levels of PD-L1 and 

CD47 and constitutes the key link between the innate and adaptive immunity [280], [320], [370]. Last but 

not least, tumor cell lines expressing chicken ovalbumin (OVA) together with OVA-specific CD8+ T cells 

from OT-I mice would allow for mechanistic studies potentially helpful for the understanding of antigen 

specific cross-presentation, CD8+ T cell activation and expansion as well as the generation of tumor 

specific memory T cell pool induced by CD47|PD-L1 bsAb treatment. 
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5. Material and methods 

5.1. Antibodies generation 

The bsAbs generated during my thesis are based on one heavy chain and two different light chains 

(one κ and on λ) with distinct antigen specificity. The isolation of the single chain variable fragments (scFvs) 

of the κ and λ arms was performed using proprietary phage display libraries in which all the library 

members have the same heavy chain variable domain (VH) and different variable light chain (VL). 

Screening and selections 

For each target arm, the antibody sequences were identified following the protocol described in 

[175]. Selection strategies were performed on κ and λ phage library pools on recombinant proteins or on 

mouse native cell lines, as well as a combination of both approaches. Screening was conducted by 

evaluating the binding and the blocking properties of scFvs on recombinant proteins, native cells line and 

transfected cells using the CellInsight™ CX5 HCS imaging platform (ThermoFisher) associated with the HCS 

Studio™ Cell Analysis Software. Positive hits were reformatted into hIgG1 monoclonal antibodies for 

characterization. In order to obtain an anti-PD-L1 arm of higher affinity, three phage-display libraries were 

generated in the lead optimization step by introducing diversity into the CDR1, CDR2, and/or CDR3 of the 

variable light chain region of the 1h6 sequence. Three libraries were used for phage-display selections 

under stringent conditions with 1, 0.1, or 0.01 nM of recombinant mPD-L1 protein (ACROBiosystems). 

Reformatting mAbs 

VL gene of selected sequences were cloned into vectors already containing the VH and CH 

domains. The selected insert was amplified by PCR and purified with the MiniElute Gel Extraction kit 

(Qiagen). Vector and insert were digested using the BsRDI restriction enzyme. Final vectors were 

transiently transfected into mammalian cells. 

Reformatting bsAbs 

The VL CL kappa chains and the VL CL lambda chains from the selected candidate were cloned 

into a vector which already contained the VH CH regions. The expression of the three antibody chains was 

driven by three-promoter vector. Final vectors were transiently transfected into mammalian cells. The 

random pairing and assembly of the heavy and the two light chains led to the secretion of two mAbs and 

one bispecific antibody (the κλ body). 
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Transfection and purification  

Small scale transfection was performed in Transformed Human Embryo Kidney monolayer 

epithelial cells (PEAK cells; Edge Bio). Transfection conditions and bsAb purification are detailed in Fischer 

et al., [175]. For in vivo material, Chinese Hamster Ovary (CHO) cells were transiently transfected using 

the FectoCHO® expression system (Polyplus Transfection). Cell cultures were supplemented every 2-3 

days with glucose (Sigma). After 13 days of culture, cell supernatants were harvested and filtered using 

the Sartoclear Dynamics Lab® (Satorius). A three steps ligand affinity chromatography was used to recover 

the bispecific antibodies as described in [175]. For the bsAbs mIgG2a, the MabSelectSure (GE Healthcare), 

the CaptureSelect LC-kappa (mouse) (ThermoFisher), the CaptureSelect LC-lambda (mouse) 

(ThermoFisher) were used successively. For the bsAb hIgG1, the MabSelectSure, the KappaSelect, the 

CaptoL affinity resins (GE Healthcare) were employed. The knobs-into-holes construct was purified with 

FcXL and CH1 resins (ThermoFisher). After the last step, κλ bodies were formulated into a 25 mM histidine, 

125 mM NaCl, pH 6.0 buffer.  

Analytics 

After purification, antibodies were analyzed by electrophoresis with the Agilent Bioanalyzer 2100 

(Agilent Technologies) in denaturing and reducing conditions. The aggregate and the fragment levels were 

determined by SEC-HPLC. The MCS-LAL kit (Charles River Laboratories) was used to assess the endotoxin 

level. Antibodies were stored at -80 °C until use.  

Affinity measurement 

The affinities for each target protein were measured on an Octet Red96 biolayer interferometry 

(BLI) system (ForteBio) as described in [175], [305]. The recombinant proteins used were mouse PD-L1 

(ACROBiosystems, PD1-M5220) and mouse CD47 (in house). 

 

5.2. Cell lines and reagents 

Cells lines 

CT26 (murine colon carcinoma), 4T1 (murine breast carcinoma), L1.2 (murine pre-B lymphoma), 

HEPA 1.6 (murine hepatocellular carcinoma) and B16F10 (murine melanoma) cells lines were obtained 

from ATCC (Wesel, Germany). CT26 and 4T1 cells were cultured in RPMI-1640 supplemented with 10% 

heat-inactivated fetal bovine serum (FBS) and 2mM L-Glutamine. L1.2 cells were cultured in RPMI 

supplemented with 10% heat-inactivated FBS, 2mM L-Glutamine, 10 mM 4-(2-hydroxyethyl)-1-
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piperazineethanesulfonic acid (HEPES) and 50 μM 2-mercaptoethanol (Gibco). HEPA 1.6 cells were 

cultured in DMEM (high glucose) supplemented with 10% FBS (not heat-inactivated).. B16F10 cells were 

cultured in DMEM (high glucose) supplemented with 10% heat-inactivated FBS, 4mM L-Glutamine and 1 

mM Sodium Pyruvate. MC38 (murine colon carcinoma) cell line was provided by Walter Reith (University 

of Geneva) and cultured in DMEM supplemented with 10% heat-inactivated FBS. Cells were maintained 

at 37 °C in a humidified atmosphere containing 5% CO2. All cell lines were tested negative for mycoplasma 

contamination. All reagents were purchased from Sigma. 

PEAK mouse PD-L1 (mPD-L1) and PEAK mouse CD47 (mCD47) were generated in our laboratory. 

Briefly, the full-length sequence of mouse PD-L1 or mouse CD47 were cloned into OriGene vectors that 

target the AAVS1 loci. Guide RNA vector and the donor vector were transfected into PEAK cells and gene 

of interest was knocked in by using clustered regularly interspaced short palindromic repeats 

(CRISPR)/Cas9 technology. The final stable pool of positive cells was established after puromycin selection 

and one step of cell sorting. Transfected cells were cultured in DMEM high-glucose supplemented with 

10% heat-inactivated FBS and 2mM Glutamine. Selection was maintained by adding puromycin at 0.5 

μg/mL (Sigma). 

Control mAbs 

Different anti-PD-L1 monoclonal antibodies have been described as blocking the PD-1/PD-L1 

interaction. They were used as control mAbs in in vitro and in in vivo experiments. Anti-mouse PD-L1 

10F.9G2 (rat IgG2b) was purchased from BioXCell. Atezolizumab, a high-affinity monoclonal anti-human 

PD-L1 therapeutic antibody, is cross-reactive to mouse PD-L1 and is able to block the mouse PD-1/PD-L1 

interaction [327]. The anti-PD-L1 atezolizumab was cloned and produced in house as scFv and as mAb 

either with a mouse IgG2a or with a human IgG1 backbone. This “in-house” atezolizumab analog is 

described as atezolizumab in the results sections. For the in vivo experiments, the anti-CD47 mAb 

MIAP301 (rat IgG2a) was purchased from BioXCell. 

5.3. Syngeneic mouse models 

Mice 

Six- to eight-week-old female BALB/c mice were purchased from Charles River Laboratories 

(France). Six- to eight-week-old female C57BL/6 mice were obtained from Charles River (Italy or Germany) 

and Janvier laboratories (France). The animals were kept under conventional conditions in a temperature-

controlled room under a 12-hour light/dark cycle. All animal experiments were performed in accordance 
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with the Swiss Federal Veterinary Office guidelines and as authorized by the Cantonal Veterinary Office. 

For the comparison of different engraftment protocols all the mice were coming from the same provider 

and were engrafted with the same batch of cells at the same day. 

In vivo efficacy experiment  

Cells were cultured as described above and resuspended in PBS at the desired concentration 

before injection. Mice were anesthetized either with isoflurane or with a mix of xylazine/ketamine 

depending on the engraftment technique. According to the experimental design the injection site was 

either the thoracic part or the back of the host mice and the depth of the engraftment varied. Tumor cells 

were injected subcutaneously in a volume of 100 μL and the number of injected cells is indicated in each 

figure. Tumors were allowed to grow for different periods of time as indicated in each experimental 

design. Tumors were measured every 2-3 days using a digital caliper and volumes were calculated using 

the formula: length x width^2 x 0.5. At the day of the recruitment, mice were randomized according to 

their tumor volume to obtain different treatment groups with similar mean tumor volume and standard 

deviation. The treatment frequency as well as the concentration used for each antibody are indicated in 

each figure’s legend. All antibodies were diluted in PBS at either 10 mg/kg or 20 mg/kg and administered 

intraperitoneally (i.p.). Mice were euthanized when the tumor volume exceeded 1000 mm3 or when the 

mice reached the endpoint criteria. 

Tumor microenvironment analysis 

Mice were euthanized by CO2 at indicated time and tumors and tumor-draining lymph nodes 

(TdLNs) were harvested for immune cell infiltration flow cytometry analysis. Tumors and tumor-draining 

lymph nodes were cut with scissors and digested with a mix of collagenase D and DNAse I (Roche) in RMPI 

medium completed with 1% of FBS for 30 min at 37 °C. After digestion, lysates were processed through a 

70 μm cell strainers (BD FalconTM). Dead cells and RBCs were removed from tumor digested samples using 

lympholyte M (Cedarlane Laboratory). 

Single-cell suspensions were stained to identify the major myeloid and lymphoid subsets with the 

different panels. Cells were counted and 2 x 106 cells per sample were plated in a V bottom 96 well plate. 

Cells were incubated with Mouse BD Fc BlockTM for 10 min at 4 °C. Surface staining was directly performed 

with antibodies and the viability dye resuspended in PBS in the dark for 20 min at 4 °C. Intracellular 

stainings were performed using the eBioscience™ Foxp3 / Transcription Factor Staining Buffer set 

(ThermoFisher). Cells were then washed with FACS buffer (PBS, 2% BSA) and resuspended in fixation 

buffer for 15 min at room temperature in the dark before intracellular staining. Cells were washed with 
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permeabilization buffer and antibodies for intracellular staining were resuspended in permeabilization 

buffer. Plates were incubated for 45 min at room temperature and protected from light. Cells were 

washed once with permeabilization buffer and twice with FACS buffer. For intracellular cytokines analyses, 

cells were restimulated for 4 hours at 37 °C and in complete RPMI medium in the presence of phorbol 12-

myristate 13-acetate (Sigma; 100 ng/mL) and ionomycin (Sigma; 1 mg/mL) and golgi block. Data were 

acquired with a BD LSR Fortessa (BD Biosciences) instrument and were analyzed with FlowJo software 

(TreeStar). Antibodies used for extracellular and intracellular staining are listed below. 

  

Marker Fluorochrome Manufacturer Reference 

CD11b BV605 Biolegend 101237 

CD11b SB702 eBioscience 67-0112-82 

CD11c BUV737 BD Biosciences 612796 

CD19 FITC eBioscience 11-0193-82 

CD206 APC Biolegend 141707 

CD4 BUV737 BD Biosciences 612761 

CD4 BUV737 BD Biosciences 612761 

CD44 PB Biolegend 103020 

CD45 BUV395 BD Biosciences 564279 

CD47 BV650 BD Biosciences 740536 

CD62L BV510 Biolegend 104441 

CD68 BV421 Biolegend 137017 

CD69 APC eBioscience 17-0691-82 

CD80 PerCp710 eBioscience 46-0801-82 

CD86 PE Cy7 Biolegend 105014 

CD8a PE Cy7 eBioscience 25-0081-82 

CD8a AF700 Invitrogen 56-0081-82 

CTLA-4 PEe610 eBioscience 61-1522-82 

F4/80 PEe610 eBioscience 61-4801-82 

Foxp3 PE eBioscience 12-5773-82 

GranzB PB Biolegend 515408 

IFNγ BV786 Biolegend 505838 
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iNOS PE eBioscience 12-5920-82 

Ki67 FITC Invitrogen 11-5698-82 

Ly6C BV510 Biolegend 128033 

Ly6G BV605 Biolegend 127639 

MHCII AF700 Biolegend 107622 

NK1.1 PEe610 eBioscience 61-5941-82 

PD1 PerCp5.5 Biolegend 109119 

PD-L1 APC Biolegend 124312 

PD-L1 SB780 eBioscience 78-5982-82 

TCRβ BV711 BD Biosciences 563135 

TCRβ BV510 Biolegend 109234 

Tim3 PE Cy7 Invitrogen 25-5870-80 

TNFα Percp710 eBioscience 46-7321-80 

viability APC Cy7 BD Biosciences 565388 

 
Table I: Antibodies and viability dye used for immunophenotyping analyses. 

5.4. Flow cytometry 

For all binding testing data were acquired on the CytoFLEX S flow cytometer (Beckman Coulter) 

and analyzed using FlowJo software (Tree Star). 

Binding assays 

To compare binding of bsAb, mAbs and monovalent control antibodies in dose-range 

experiments, increasing concentrations of test antibodies were incubated with 2 x 105 cells/well) in V 

bottom 96-well plates for 20 min at 4 °C in FACS buffer. Antibody-bound cells were then washed twice 

and stained for 20 min at 4 °C with the appropriate secondary antibody. After two washes with FACS 

buffer, cells were resuspended in FACS buffer (PBS, 2% BSA) and sytox blue (ThermoFisher) was added 

before acquisition to exclude dead cells from analysis. All the antibodies used for the in vitro 

characterization are hIgG1 with no mutation in the Fc portion. The antibodies generated with the inactive 

Fc portion showed results similar to their Fc active counterparts (data not shown). 

Quantification of cell surface receptor density  

PD-L1 and CD47 expression was determined with QIFIKIT (Dako K0078) according to the 

manufacturer’s instructions. Atezolizumab mIgG2a mAb and high affinity anti-CD47 mIgG2a mAb 
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produced at Novimmune were used for testing. In order to modulate the PD-L1 cell surface expression, 

cell culture medium was supplemented with 40ng/mL of mouse IFN-γ (R&D Systems) 24 or 48 hours 

before staining. 

Antibody selectivity 

To assess antibody selectivity, WT cells were stained with Cell Trace Violet at 1 μM (Invitrogen) 

and mixed with cells KO either for mPD-L1 or for mCD47 in a ratio 1:1. Increasing concentrations of test 

antibodies in FACS buffer (PBS, 2% BSA) were incubated with the mix of cells (2 x 105 cells/well) in a 96-

well-plate for 20 min at 4 °C. Cells were then washed and stained with an anti-human labeled IgG detection 

antibody AF647 (Jackson ImmunoResearch, 109-606-170) for 20 min at 4 °C. After two washes with FACS 

buffer, cells were resuspended in FACS buffer (PBS, 2% BSA) and sytox orange (ThermoFisher) was added 

before acquisition to exclude dead cells from analysis.  

Binding to RBC 

For RBC binding, whole blood from C57BL/6 was collected in heparinized EDTA tube and red blood 

cells were isolated after three steps of centrifugation and washing with PBS. The purified RBCs (3 x 105 

cells) were incubated with test antibodies diluted for 20 min in FACS buffer (PBS, 2% BSA) in a 96-well-

plate, washed once with FACS buffer and stained with an anti-human labeled IgG detection antibody 

(Jackson Immunoresearch 109-606-170) for 20 min. Cells were then washed two times in FACS buffer and 

antibody binding was measured. 

 

5.5. CD47/SIRPα blocking assay 

mCD47 positive cell suspensions were prepared and resuspended in PBS at a concentration of 1.5 

x 106 cells /mL. Cells were stained with Cell Trace Violet at 1 μM (ThermoFischer) and incubated for 20 

min at 37 °C. Cell concentration was then adjusted at 1.5 x 105 cells/mL in FACS buffer (PBS, 2% BSA) and 

cells were dispensed into 384-well clear-bottom plates (Corning) at 3000 cells per well (20 μL/well). 50 μL 

of increasing concentration of antibodies of interest were added to the cells and incubated for 1 hour at 

room temperature. In parallel, the blocking buffer was prepared by mixing one volume of recombinant 

SIRPα with 2 volumes of detection reagent (table below), Alexa Fluor 647-conjugated IgG Fc (Jackson 

Immunoresearch, 109-606-170). Different recombinant SIRPα proteins and detection were used (listed in 

the table below). 30 μL of this mixture were added in each well and the incubation continued for 3 hours 

at room temperature and protected from light. Binding of the soluble recombinant SIRPα to cells was 
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detected using the CellInsight™ CX5 HCS imaging platform (ThermoFisher) associated with the HCS 

Studio™ Cell Analysis Software. The blockade of the SIRPα binding by competing antibodies resulted in a 

decrease in fluorescence signal.  

Rec. protein Manufacturer Reference Detection Manufacturer  Reference 

mouse SIRPα 
HIS Tag Sino Biological 50956-

M08H Penta HIS AF647 Quiagen 35370 

mouse SIRPα 
mouse Fc ACROBiosystems SIA-

M5252 anti-mFc AF647 Jackson 
ImmunoResearch 109-606-170 

mouse SIRPα 
human Fc ACROBiosystems SIA-

M5258 anti-hFc AF647  Jackson 
ImmunoResearch 115-605-008 

 
Table II: SIRPα proteins and detections used in the blocking assay. 

5.6. PD-1/PD-L1 blocking assay 

On PEAK mouse PD-1 

The PD-1/PD-L1 assay measures the binding of a fluorescently labelled PD-L1 protein at the 

surface PEAK cells expressing PD-1. Dose-response of anti-PD-L1 antibodies were diluted in PBS and mixed 

with the detection buffer containing the mouse PD-L1 biotinylated protein (produced in house) and 

streptavidin-AF750 (InvitrogenTM). This mix was left for 1 hour incubation at room temperature and in the 

dark. In the meantime, PEAK mouse PD-1 cells were resuspended in PBS at a concentration of 1.5 x 106 

cells /mL. Cells were stained with Cell Trace Violet at 1 μM (ThermoFischer) and incubated for 20 min at 

37 °C. Cell concentration was then adjusted at 1 x 105 cells/mL in FACS buffer (PBS, 2%BSA) and cells were 

dispensed into 384-well clear-bottom plates (Corning) at 3000 cells per well (30 μL/well). 70 μL of the 

antibodies-detection mix was added in each well and the incubation continued for 2 hours at room 

temperature and protected from light. Binding of the soluble recombinant SIRPα to cells was detected 

using the CellInsight™ CX5 HCS imaging platform (ThermoFisher) associated with the HCS Studio™ Cell 

Analysis Software. Positive signal was measured in the absence of IgG or in the presence of a non-blocker 

antibody. 

On PEAK mouse PD-L1 and on mouse native cell lines  

The PD-1/PD-L1 assay measures the binding of a fluorescently labeled PD-1 protein at the surface 

of the cells expressing PD-L1. In the presence of an antibody that blocks the PD-1/PD-L1 interaction, the 

labelled PD-1 protein cannot bind, and no signal is measured. This assay requires the use of cells that 

highly expressed PD-L1 in order to obtain a strong PD-1 binding signal. In vitro, human PD-1 can bind to 
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mouse PD-L1 with a similar affinity as mouse PD-1 to mouse PD-L1 [327], [371], [372]. The high affinity 

human PD-1 described by Maute et al., [372] showed stronger enhanced binding on mouse PD-L1 positive 

cells compared to wild type mouse PD-1 (in house data and [372] ). This high affinity human PD-1 was 

produced in house with a human IgG1 and a mouse IgG1 backbone and was used on mouse native cell 

lines induced with IFN-γ. 

PEAK mouse PD-L1 or mouse native cells activated wit IFN-γ suspensions were prepared and 

resuspended in PBS at a concentration of 1.5 x 106 cells /mL. Cells were stained with Cell Trace Violet at 1 

μM (ThermoFischer) and incubated for 20 min at 37 °C. Cell concentration was then adjusted at 1 x 105 

cells/mL in FACS buffer (PBS, 2% BSA) and cells were dispensed into 384-well clear-bottom plates (Corning) 

at 3000 cells per well (30 μL/well). 50 μL of increasing concentration of antibody of interest were added 

to the cells and incubated for 30 min at room temperature. In parallel, the blocking buffer was prepared 

by mixing the recombinant PD-1 protein and the detection reagent. Different recombinant PD-1 proteins 

and detection antibodies were used (listed in the table below). 30 μL of this mixture were added in each 

well and the incubation continued for 2h at room temperature and protected from light. Binding of the 

soluble recombinant PD-1 to cells was detected using the CellInsight™ CX5 HCS imaging platform 

(ThermoFisher) associated with the HCS Studio™ Cell Analysis Software. Positive signal was measured in 

the absence of IgG or in the presence of a non-blocker antibody. 

Rec. protein Manufacturer Reference Detection Manufacturer Reference 
mouse PD-1 

human Fc RD system 1021-PD anti-hFc AF647 Jackson 
ImmunoResearch 109-606-170 

human PD-1 
human Fc RD system 1086-PD anti-hFc AF647 Jackson 

ImmunoResearch 109-606-170 

hPD-1 high 
affinity human 

Fc 
in house NA anti-hFc AF647 Jackson 

ImmunoResearch  109-606-170 

hPD-1 high 
affinity mouse 

Fc 
in house NA anti-mIgG1 Fc 

AF647 
Jackson 

ImmunoResearch 115-605-205 

 
Table III: PD-1 proteins and detections used in the blocking assay 

 

5.7. Evaluation of blood parameters and bsAb concentrations in serum 

Blood parameters as well the persistence of the antibody in the plasma of treated mice was 

evaluated at different time points. Briefly, mice were bled at the indicated timepoints in each experiment 



122 
 

and blood cell count was analyzed with the ProCyte Dx Haematology analyzer (IDEXX Laboratories, Inc., 

ME, USA). After centrifugation of the blood samples, the antibody concentrations in the plasma were 

determined using the FastELYSA system (RD-Biotech) according to the manufacturer instructions.  

5.8. Statistics 

GraphPad Prism (GraphPad Software, CA, USA) was used for all statistical analysis and detailed 

analysis are specified under each graph.  

5.9. Illustrations 

All the illustrations in the figures were created with BioRender.com 
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6. Appendices 
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Supplemental Figure S1: Gating strategy to identify the main infiltrating leucocyte populations in tumors. Single-cells 
suspensions were prepared from tumors of control and treated mice. After exclusion of debris, doublets, and dead cells, immune 
cells were isolated by gating on the CD45+ group. (A) Sequential gating strategy was used to identify to the main myeloid subsets: 
B cell (CD19+), neutrophils (Ly6G+), DCs (CD11c+ MHCII+), monocytes (CD11b+ CD68+ Ly6C+), macrophages (CD11b+ CD68+ 
F4/80pos). (B) Sequential gating strategy was used to identify the T cell subsets: T cells (TCRβ+), subsequently split depending on 
CD8+ or CD4+ expression. Exhaustion and activation makers were analyzed for each T cell subsets. (C) Proliferative and cytokine 
production capacity of T cells subsets were analyzed following a unspecific ex vivo stimulation with PMA/ionomycin. Sequential 
gating strategy was used to identify NK cells (NK1-1), and T cells subsets (CD8+ or CD4+ subsets). Antibody list for each panel is 
described in the material and methods. 

 

 

Supplemental Figure S2: Lymphoid and myeloid populations in the TME showed major changes in response to treatment. 
Proportion of the dendritic cells (DCs), macrophages, monocytes, natural killer (NK) cells and T cells among living cells. n.s., not 
significant, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 were obtained using the Brown-Forsythe and Welch ANOVA with 
Dunnett’s method for multiple comparisons correction. Values are displayed as mean ± SD. 
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Supplemental Figure S3: Lymphoid and myeloid populations in the TdLN did not change in response to treatment. (A) 
Proportion of the main immune subgroups among (A) living cells and (B) immune cells (CD45+). n.s., not significant, *P<0.05, 
were obtained using the Brown-Forsythe and Welch ANOVA with Dunnett’s method for multiple comparisons correction. 
Abbreviations: dendritic cells (DCs), natural killer (NK) cells. Values are displayed as mean ± SD. 
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Supplemental Figure S4: B cells and neutrophils populations in the tumors and in the tumor draining lymph nodes showed no 
changes in response to the treatment. (A-B) Proportion of neutrophils in tumor and TdLN among (A) living cells and (B) immune 
cells (CD45+). (C-D) Proportion of B cells in tumor and TdLN among (C) living cells and (D) immune cells (CD45+). n.s., not 
significant, *P<0.05, were obtained using the Brown-Forsythe and Welch ANOVA with Dunnett’s method for multiple 
comparisons correction. Values are displayed as mean ± SD. 

 

Supplemental Figure S5: CD8+ and CD4+ T cells subset in MC38 tumors following treatment with bsAbs and PD-L1. (A) Analysis 
of the T cells subsets among CD8+ T cells. (B) Proportion of Foxp3neg CD4+ T cells and analysis of their proliferative capacity (Ki67+). 
(C) Analysis of the T cells subsets among CD4+ T cells. n.s., not significant, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 were 
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obtained using the Brown-Forsythe and Welch ANOVA with Dunnett’s method for multiple comparisons correction. Values are 
displayed as mean ± SD. 

 

 

Supplemental Figure S6: T cells subset in TdLN following treatment with bsAbs and PD-L1. (A) Proportion of total T cells among 
CD45+ cells. (B) Proportion of CD4+ among CD45+ and (C) proportion of different subsets among CD4+ T cells (D) Proportion of 
CD8+ among CD45+ and (E) proportion of different subsets among CD8+ T cells. n.s., not significant, *P<0.05, **P<0.01, 
***P<0.001 were obtained using the Brown-Forsythe and Welch ANOVA with Dunnett’s method for multiple comparisons 
correction. Values are displayed as mean ± SD. 

 



129 
 

 

Supplemental Figure S7: Analysis of activation and exhaustion markers on CD4+ in MC38 tumor after ex vivo restimulation. 
Proportion of PD-1+, CD69+, CTLA-4+ positive cells among CD4+ T cells. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 were 
obtained using the Brown-Forsythe and Welch ANOVA with Dunnett’s method for multiple comparisons correction. Values are 
displayed as mean ± SD. 

 



130 
 

 

Supplemental Figure S8: Analysis of myeloid and lymphoid populations in the TME following treatment with bsAbs and anti-
PD-L1. Proportion of the main immune subgroups among living cells on day 10 and day 16. Values are displayed as mean ± SD. 
n.s., not significant *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 were obtained using the Brown-Forsythe and Welch ANOVA 
Dunnett’s method for multiple comparison correction. NK cells data for D10 were not available due to a technical issue. 



131 
 

 

Supplemental Figure S9: DC characterization in MC38 tumors following treatment with bsAbs and anti-PD-L1.. (A) Comparison 
of proportion between groups at a given time point. B) Comparison of proportion within groups between time points. (C) CD80 
and (D) CD86 MFI were measured on DCs on day 10 and day 16. n.s., not significant, *P<0.05, **P<0.01 were determined using 
the Brown-Forsythe and Welch ANOVA with Dunnett’s method for multiple comparison correction except for panel B, where they 
were determined by one-tailed non-parametric Mann-Whitney U t-test. Values are displayed as mean ± SD. 
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Supplemental Figure S10: Macrophage characterization in MC38 tumors following treatment with bsAbs and anti-PD-L1. (A) 
Comparison of proportion between groups at a given timepoint. (B) Comparison of proportion within groups between timepoints. 
(C-D) Proportion of iNOS+, MHCII+CD206-, MHCII-CD206+ macrophages and CD80 and CD86 MFI were measured on (C) day 10 
and (D) day 16. n.s., not significant, *P<0.05, **P<0.01 were determined using the Brown-Forsythe and Welch ANOVA Dunnett’s 
method for multiple comparison correction except for panel B, where they were determined by one-tailed non-parametric Mann-
Whitney U t-test. Values are displayed as mean ± SD. 
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Supplemental Figure S11: Monocytes in MC38 tumors following treatment with bsAbs and anti-PD-L1. (A) Comparison between 
groups at a given timepoint. (B) Comparison between timepoints. n.s., not significant, *P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001 were obtained using the Brown-Forsythe and Welch ANOVA Dunnett’s method for multiple comparison correction 
for panel (A) while for panel (B), where they were determined by one-tailed non-parametric Mann-Whitney U t-test. Values are 
displayed as mean ± SD. 
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Supplemental Figure S12: T cells in MC38 tumors following treatment with bsAbs and anti-PD-L1. (A) Comparison between 
groups of (A) T cells, (C) CD4+ and (E) CD8+ subsets at a given timepoint. Comparison of (B) T cells, (D) CD4+ and (F) CD8+ T cells 
subsets within a group between timepoints. n.s., not significant, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 were obtained 
using the Brown-Forsythe and Welch ANOVA with Dunnett’s method for multiple comparison correction. Values are displayed as 
mean ± SD.  
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Supplemental Figure S13: Quantification of PD-L1 and CD47 expression in the tumor microenvironment of untreated animals 
(A) PD-L1 and (B) CD47 cell surface expression were quantified on the main myeloid and lymphoid subgroups on day 10 (left 
panel) and on day 16 (right panel).  
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Supplemental Figure S14: White blood cell analysis following treatment with antibodies bearing a silenced Fc portion. Mice 
were treated on day 8, 11 and 14 and blood was collected on day 10, day 15 and day 18. Samples were run on ProCyte Dx 
Haematology Analyser. (A) Total white blood cells (WBC), (B) lymphocyte, (C) neutrophil and (D) monocyte counts were measured 
(n=3-5 mice per group). *P<0.05 were obtained using the Kruskal-Wallis ANOVA with Dunn’s method of multiple comparisons. 
Only significant differences were indicated on the graphs. 
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Supplemental Figure S15 : White blood cell analysis following treatment with antibodies with an active Fc portion. Mice were 
treated on day 8, 11 and 14 and blood was collected on day 10, day 16 and day 18. Samples were run on ProCyte Dx Haematology 
Analyser. A) Total white blood cell (WBC), B) lymphocyte, C) neutrophil and D) monocyte counts were measured (n=3-5 mice per 
group). n.s., not significant, *P<0.05, **P<0.01, were obtained using the Kruskal-Wallis ANOVA with Dunn’s method of multiple 
comparisons. Only significant differences were indicated on the graphs.  
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7. List of Abbreviations 

Ab: antibody 

ADA: anti-drug antibody 

ADCC: antibody-dependent cell-mediated cytotoxicity 

ADCP: Antibody-dependent cell-mediated phagocytosis 

APC: antigen presenting cell 

Arg1: arginase 1 

Blimp-1: B lymphocyte induced maturation protein 1 

bsAb: bispecific antibody 

CD: cluster of differentiation 

CDC: complement dependent cytotoxicity 

CDR: complementarity determining region 

CH: immunoglobulin constant heavy chain domain 

CPI: checkpoint inhibitor 

CSF: colony stimulating factor 

CTLA-4: cytotoxic T-lymphocyte–associated antigen 4 

DAMP: damage-associated molecular pattern 

DC: dendritic cell 

ELISA: enzyme-linked immunosorbent assay 

Fab: fragment antigen-binding 

FACS: fluorescence activated cell sorting 

FasL: Fas ligand 

Fc: fragment crystallizable 

FcγR: Fc gamma receptor 

FcR: Fc receptor 

FDA: food and drug administration 

FMO: fluorescence minus one 

FOXP3: forkhead box P3 

GITR: glucocorticoid-induced TNFR-related protein 

GM-CSF: granulocyte macrophage colony-stimulating factor 

HA: hemagglutinin 

HIF1α: hypoxia-inducible factor 1-alpha 
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ICI: immune checkpoint inhibitor 

IFN: interferon 

Ig: immunoglobulin  

IL: interleukin 

ITAM: immunoreceptor tyrosine-based activation motif 

ITIM: immunoreceptor tyrosine-based inhibitory motif 

ITSM: immunoreceptor tyrosine-based switch motif 

KO: knock-out 

LAG-3: lymphocyte-activation protein 3 

LN: lymph nods 

mAb: monoclonal antibody 

MDSC: myeloid derived suppressor cell 

MHC: major histocompatibility complex 

NK cell: natural killer cell 

NO: nitric oxide 

OVA: ovalbumin 

PAMP: pathogen-associated molecular pattern 

POC: proof-of-concept 

PD-1: programmed cell death 1 

pDC: plasmacytoid dendritic 

PD-L1: programmed death-ligand 1 

PK: pharmacokinetic 

RBC: red blood cell 

RNA: ribonucleic acid 

scfv: single-chain variable fragment 

SD: standard deviation 

SEM: standard error of the mean 

SHP-1: Src homology region 2 domain-containing phosphatase-1 

SIRP: signal-regulatory protein 

SLO: secondary lymphoid organs 

TAA: tumor associated antigen 

TAM: tumor-associated macrophages 
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T-bet: T-box expressed in T cells 

TCF-1 : T cell factor 1 

TIGIT: T-Cell Immunoglobulin and ITIM Domain 

TCR: T-cell receptor 

Th: helper T cell 

TIGIT: T cell immunoreceptor with Ig and ITIM domains 

TIL: tumor infiltrating lymphocytes 

Tim-3: T-cell immunoglobulin and mucin-domain-containing molecule 3 

TLR: toll like receptor 

TME: tumor microenvironment 

TMDD: target mediated drug disposition 

TNF: tumor necrosis factor 

TRAIL: tumor-necrosis-factor related apoptosis inducing ligand 

Treg: regulatory T cells 

TSP1: thrombospondin-1 

VEGF: vascular endothelial growth factor 

VH: immunoglobulin variable heavy chain domain 

VL: immunoglobulin variable light chain domain 
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