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1. Summary 

Recombinant interleukin 2 (IL2) was the first cancer immunotherapeutic product approved 

by the FDA. IL2 can induce durable complete responses in patients with melanoma and renal 

cell carcinoma. The systemic administration of high dose IL2, however, may cause substantial 

toxicity which limits the use to a small cohort of patients. Antibody-IL2 fusion proteins may 

therefore be particularly attractive, as the selective localization of the cytokine at the site of 

disease leads to an increased therapeutic index. Our group has recently described F8-IL2, an 

antibody-IL2 fusion protein that targets the alternatively spliced extra-domain A (EDA) of 

fibronectin that is overexpressed in the majority of solid tumors and lymphoma and absent 

from healthy tissue. Recombinant IL2 has been studied in clinical trials in combination with a 

check-point inhibitor (ipilimumab) for the treatment of metastatic melanoma with 

encouraging results. Check-point inhibitors are foundational drugs that provide a clear benefit 

to patients, but cancer cures are still rare. In this thesis, we explored whether the targeted 

delivery of IL2 can boost the anticancer activity of immune check-point inhibitors in 

immunocompetent mouse models of cancer. The combination of F8-IL2 with CTLA-4 and PD-

1 blockade was efficacious in the mouse, leading to cancer cures and protective immunity 

against subsequent tumor re-challenges. The combination with PD-L1 blockade was less 

efficacious. The results may depend, at least in part, on the choice of antibodies that were 

used. Additionally, we performed detailed high-parametric single-cell analysis of the tumor 

leukocyte composition in CT26 and MC38 models which revealed that the selective delivery 

of IL2 to the tumor resulted in profound changes in T and natural killer (NK) cell features in 

the tumor bed, without collateral immune activation in the systemic immune compartment. 

Lymphocyte depletion studies revealed the strict requirement for NK and CD8+ T cell activity, 

in order to achieve maximal therapeutic performance. The results support the use of targeted 

IL2 in combination with check-point inhibitors for cancer therapy in the clinics.  

 

In spite of progress in the treatment of acute myeloid leukemia (AML), this cancer type 

remains potentially lethal for patients who are not eligible for or do not benefit from intensive 

chemotherapy or allogeneic hematopoietic stem cell transplantation (allo-HSCT). There is an 

urgent need to develop new therapeutic agents. Within this thesis, we have described the 
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generation and characterization of a fully-human monoclonal antibody specific to CD123, a 

surface marker which is overexpressed in a variety of hematological disorders, including acute 

myeloid leukemia. The antibody was affinity-matured and the Fc portion was engineered to 

display enhanced antibody-dependent cell-mediated cytotoxicity (ADCC). The antibody 

[termed IgG1pot(H9)] was slightly more potent for the selective killing of leukemic cells in vitro 

ADCC assays using cell lines, compared to a previously-described anti-CD123 antibody 

[IgG1pot(CSL362)]. The two antibodies recognize different epitopes on the surface of CD123. 

IgG1(CSL362) has an apparent Kd of approximately 20 pM which is approximately 10-fold 

higher than the one of IgG1(H9). Both IgG1pot(H9) and IgG1pot(CSL362) were able to kill 

patient-derived AML blasts using purified allogeneic NK cells. Further, the two antibodies 

were reformatted as bispecific BiTE reagents by fusion with the anti-CD3 scFv(OKT3) antibody 

fragment. BiTE(CSL362/OKT3) exhibited a 10-fold higher potency in killing AML blasts 

compared to BiTE(H9/OKT3).  

 

In summary, we have generated novel anti-CD123 biopharmaceuticals which have shown 

promising in vitro results that may be useful in the future for the treatment of AML. Moreover, 

we have shown that tumor targeting antibody-IL2 fusions may nicely synergize with immune 

check-point inhibitors. 
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2. Zusammenfassung 

Rekombinantes Interleukin 2 (IL2) war das erste immunotherapeutische Produkt, welches von 

der FDA zugelassen wurde. IL2 kann vollständige Remissionen erzielen bei Patienten mit 

Melanoma und Nierenzellkarzinoma. Die systemische Administration von hoch dosiertem IL2 

kann aber auch beträchliche Nebenwirkungen haben, was den Gebrauch von IL2 auf eine 

kleine Patientenzahl beschränkt. Daher erscheinen Antikörper-IL2 Fusionsproteine attraktiv, 

weil die selektive Lokalisation von dem Zytokin am Ort der Erkrankung den therapeutischen 

Index erhöhen kann. Unsere Gruppe hat kürzlich F8-IL2 beschrieben, ein Antikörper-IL2 

Fusionsprotein, welches eine alternative Spleissvariante von Fibronektion, die Extradomäne 

A (EDA), bindet. EDA ist überexprimiert in der Mehrheit von festen Tumoren und Lymphomen 

während es gleichzeitig im gesunden Gewebe nicht vorkommt. Rekombinantes IL2 wurde in 

Kombination mit Immun-Checkpoint-Inhibitoren in klinischen Studien untersucht bei 

Patienten mit metastasierendem Melanom – mit erfolgsversprechenden Resultaten. 

Checkpoint-Inhibitoren sind grundlegende Krebsmedikamente, von denen die Patienten klar 

profitieren. Allerdings ist die vollständige Krebsheilung noch immer selten. In dieser Arbeit 

haben wir in immunkompetenten Mäusen untersucht, ob die zielgerichtete Administration 

von IL2 die krebshemmende Wirkung von Immun-Checkpoint-Inhibitoren erhöhen kann. Die 

Kombination von F8-IL2 mit CTLA-4 und PD-1 Inhibitoren in Mäusen war effizient und führte 

zu anhaltender Heilung und einer protektiven Immunität gegenüber einer erneuten 

Tumorinjektion. Die Kombination mit einem PD-L1 Inhibitor hingegen war weniger 

erfolgreich. Die Resultate hängen mit hoher Wahrscheinlichkeit davon ab, welcher Antikörper 

gebraucht wurde. Zusätzlich haben wir eine detaillierte Multiparameter Einzelzellanalyse von 

intratumoralen Leukozyten gemacht. Dies hat ergeben, dass die zielgerichtete Administration 

von IL2 im Tumor zu tiefgründigen Veränderungen von T und natürlichen Killerzellen (NK) 

führte, ohne dass das systemische Immunsystem aktiviert wurde. Aus einer Studie mit 

Mäusen, in welchen selektiv Lymphozyten erschöpft wurden, geht hervor, dass NK und T 

Zellen für die maximale Wirkung der Kombination absolut notwendig sind. Die Resultate 

unterstützen den Gebrauch von zielgerichtetem IL2 in Kombination mit Checkpoint-

Inhibitoren in der klinischen Krebstherapie. 
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Trotz dem Fortschritt in der Behandlung von akuter myeloischen Leukämie (AML) bleibt 

dieser Krebstyp potentiell tödlich für diejenigen Patienten, welche nicht für intensive 

Chemotherapie oder eine allogene Stammzelltransplantation in Frage kommen oder nicht 

davon profitieren. Die Entwicklung neuer Medikamente ist daher von grosser Bedeutung. In 

dieser Arbeit haben wir die Entwicklung und die Charakterisation von einem vollständig 

humanen Antikörper beschrieben, welcher spezifisch gegen CD123 gerichtet ist. CD123 ist ein 

Zelloberflächenmarker, der in einer Vielzahl von hämatologischen Erkrankungen inklusive 

AML überexprimiert ist. Die Affinität vom Antikörper wurde maturiert und das 

kristallisierbare Fragment so mutiert, dass es eine erhöhte antikörperabhängige 

zellvermittelte Zytotoxizität auslöst. Dieser Antikörper [nachfolgend genannt als IgG1pot(H9)] 

war ein bisschen potenter als ein zuvor beschriebener anti-CD123 Antikörper 

[IgG1pot(CSL362)] in der selektiven Tötung von Leukämie Zelllinien in vitro. Die zwei Antikörper 

erkennen zwei verschiedene Epitope von CD123. IgG1pot(CSL362) hat einen apparenten 

Dissoziationskonstanten von ungefähr 20 pM, was etwa 10-Mal höher ist als der von 

IgG1(H9). Beide Antikörper, IgG1pot(CSL362) und IgG1pot(H9), konnten die von Patienten 

stammende AML Blasten zerstören mithilfe von allogenen NK Zellen. Die zwei Antikörper 

wurden neu auch als bispezifische T-Zellen Antikörper (BiTE) formatiert mittels Fusion mit 

dem anti-CD3 einkettigen Antikörperfragment (OKT3). BiTE(CSL362/OKT3) war 10-Mal 

potenter in der Tötung von AML Blasten.  

 

Zusammenfassend haben wir neue anti-CD123 biopharmazeutische Produkte entwickelt, die 

vielversprechende Resultate in in vitro zeigten und daher womöglich in der zukünftigen 

Behandlung von AML nützlich sein könnten. Ausserdem haben wir gezeigt, dass 

tumorspezifische Antikörper-IL2 Fusionsproteine möglicherweise sehr gut mit Immun-

Checkpoint-Inhibitoren korrespondieren. 
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3. Introduction 

3.1. Antibody based tumor targeting 

3.1.1. Antibodies 

3.1.1.1. Overview 

Monoclonal antibodies are the most important class of biopharmaceuticals for the treatment 

of cancer and autoimmune diseases in terms of sales and numbers of products in 

development [1]. They can be raised against almost any antigen of interest and have been 

hailed as “magic bullets” for their high specificity [2]. Most approved antibodies correspond 

to intact immunoglobulin molecules. However, using genetic engineering, a variety of 

different antibody formats and conjugates have been designed, in order to tailor the 

product’s characteristics to the specific pharmaceutical need.  

 

3.1.1.2. Engineering antibodies for cancer therapy 

The production of monoclonal antibodies with pre-defined specificity (mAb) roots in the 

hybridoma technology invented by Georges Köhler and César Milstein in 1975 [3]. Before 

1975, it was impossible to produce monoclonal antibodies specific to an antigen of interest. 

Hybridoma technology involves the fusion of murine B cell clones with myeloma cells that 

have infinite proliferative capacity [3]. For the production of murine B cell clones, mice are 

immunized with an antigen of interest, their splenocytes extracted and immortalized through 

the fusion with myeloma cells [3]. After in vitro culturing, a selection is performed to yield 

those hybridoma clones with the highest selectivity and affinity [3]. This technology resulted 

in the approval of the first therapeutic mAb (an anti CD3 mAb, called muromonab) for 

preventing acute kidney transplant rejection by the FDA [4]. Although hybridoma technology 

revolutionized the field, the use of rodent antibodies in humans was hampered by 

immunogenicity. Mouse antibodies are recognized as non-self by the humane immune 

system which triggers the formation of human-anti-mouse antibodies (HAMAs) [5]. HAMAs 

can neutralize the therapeutic mAb and lead to the rapid clearance of the therapeutic mAb, 

thus narrowing their therapeutic window. More importantly, HAMAs can also stimulate the 

immune system which potentially results in anaphylactic reactions and serum sickness [6]. 
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Moreover, human complement and Fc receptors do not bind the Fc part of murine IgGs thus 

murine IgGs cannot elicit Fc-dependent effector immune responses [7].  

 

The clinical application of murine IgGs is limited and newer technologies aimed at reducing 

the immunogenicity of antibody products. Advances in genetic engineering led to the 

production of “chimeric antibodies”, which consist of human constant domains and mouse 

variable regions [Figure 1][8].  

 

 

Figure 1: Humanization of monoclonal antibodies. Rodent domains are depicted in grey and 

human proteins in green. Chimeric mAbs consist of human constant domains (CL, CH1, CH2, 

CH3) and rodent variable regions (VL, VH). Humanized mAbs only contain the hypervariable 

regions that are of rodent origin whereas the rest is human.  

Several chimeric antibodies have been approved by the FDA for the treatment of cancer and 

rheumatology diseases and are routinely used in the clinic [e.g., Rituximab (Rituxan®), 

Cetuximab (Erbitux®)]. Although chimeric antibodies are less immunogenic than fully murine 

antibodies, human anti-chimeric antibody responses can also be observed [9–11]. 

Humanization of antibodies was achieved by grafting the antigen-specific complementarity 

determining regions (CDRs) of animal origin onto a human antibody scaffold [12]. CDR grafting 

technology was invented by Sir Gregory Winter and colleagues and led to the generation of 

many successful antibodies that are clinically used (e.g., Trastuzumab (Herceptin®), 

Alemtuzumab (Campath-1H®)). The development of antibody-phage display technology and 

transgenic mice that express human immunoglobulin genes (e.g., XenoMouse, UltiMAb, TC 

Mouse and KM-Mouse platform) finally allowed the production of fully-human antibodies 

[13–15]. The first human antibody ever approved by the FDA (adalimumab, an anti-TNF 

antibody) was generated by phage display technology. In phage display technology, a large 
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repertoire of human antigen-binding fragments are expressed on the surface of filamentous 

phages and screened for binding an antigen of interest [Figure 2]. The genetic information of 

the displayed antibody is encoded within the phages genome and can therefore be easily 

obtained. The best clones can then also be affinity matured [16,17].  

 

 

Figure 2: Workflow of Phage Display. Phage display relies on the possibility to display human 

antigen-binding fragments on the surface of filamentous phages. Large antibody phage 

libraries can be used to screen against virtually any antigen of interest (peptide/ protein). After 

washing, potential binders can be eluted and used to infect bacteria. Single clones can be 

picked and antibodies screened for their affinity. The best binders can be sequenced and 

affinity matured. Phages can also be amplified for additional rounds of panning. 

Transgenic mice are immunized with the antigen of interest, their B cells harvested and used 

in traditional hybridoma technology (i.e., fused with an immortal myeloma cell line and 

screened subsequently). The first antibody generated with transgenic mice and approved by 
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the FDA, is Panitumumab (Vectibix®), an epidermal growth factor specific mAb for wild-type 

KRAS colorectal cancer [14].  

 

3.1.1.3. Antibody structures and formats 

An IgG molecule consists of two heavy and two light chains and forms a Y-shaped structure 

stabilized by disulfide bridges and non-covalent interactions [Figure 3][18]. The heavy chain 

is composed of 3 constant protein domains (CH1, CH2, CH3) and 1 variable domain (VH) 

whereas the light chain is composed of 1 constant domain (CL) only and 1 variable domain 

(VL). Each variable domain has 3 complementary determining regions (CDRs)[18]. The 3 CDRs 

of the light chain and the 3 CDRs of the heavy chain shape the antigen binding site 

(paratope)[18]. The fragment crystallizable (Fc) region of an IgG is formed by the constant 

domains of the heavy chains (2xCH2-CH3)[18]. The Fc region is not involved in antigen binding, 

but is responsible for the effector mechanisms of an IgG such as the antibody-cell-mediated 

cytotoxicity (ADCC) or the activation of the complement cascade that will be discussed in 

chapter 3.1.1.4.1 [18]. Additionally, the Fc region confers the long circulatory half-life to an 

IgG (in the range of ~21 days) by binding to the neonatal Fc receptor on endothelial cells and 

in the liver, rescuing the antibody from degradation [19]. For biotechnological applications, 

this long half-life of antibody products is not always desirable and antibody fragments can be 

designed that lack the Fc portion [such as the F(ab)2, diabody, scFv, nanobody]. The smallest 

antibody format is the monomeric nanobody (i.e., a camel-derived single domain antibody). 

Smaller antibody fragments typically have a shorter half-life, but at the same time penetrate 

the tissue better than full IgGs [20]. Even though tissue penetration of small antibody 

fragments may be increased compared to intact immunoglobulins, rapid clearance and 

insufficient affinity may lead to a lower tumor uptake compared to full IgG molecules [21]. 

Especially diabodies display favorable properties. These bivalent products retain the avidity 

and long tumor residence time of the parental full IgG counterpart but are cleared more 

rapidly from the blood.  
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Figure 3: Schematic representation of antibody formats. VH: heavy chain variable domain. VL: 

light chain variable domain. C: constant domain of the heavy (CH1-4) and the light chain (CL). 

SIP: small immune protein that uses the CH4 domain of an IgE antibody. Minibodies (or SIPs) 

can also be constructed with the CH3 domain of an IgG. Arrows indicate the site of antigen 

binding. Yellow bars: disulfide bridges. Fc: fragment crystallizable, Fv: fragment variable, SIP: 

small immunoprotein Fab: Fragment antigen binding. scFv: single chain variable fragment. 

 

3.1.1.4. Therapeutic antibodies and their mechanism of action 

Therapeutic antibodies can be divided into “naked” and “armed” monoclonal antibodies. 

“Armed” antibodies are conjugated to other functional moieties whereas “naked” antibodies 

are solely composed of the antibody scaffold.  

 

3.1.1.4.1. Naked antibodies 

“Naked” antibody products have a variety of functions. Firstly, they can be used to neutralize 

the activity of a target antigen. For example, Adalimumab (Humira) is an antibody that binds 

to tumor necrosis factor   (TNF)[22]. Adalimumab dampens the immune response in a 
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variety of autoimmune disorders including rheumatoid arthritis. Secondly, antibodies can be 

designed to induce or inhibit a signaling event. Ipilimumab (Yervoy) binds to cytotoxic T-

lymphocyte-associated protein 4 (CTLA-4, CD152), an inhibitory protein on the surface of T 

cells [23]. This interaction prevents binding of CD80 or CD86 on antigen-presenting cells to 

CTLA-4 which dampens the immune response[23]. Ipilimumab is used to activate the immune 

system in melanoma and renal cell carcinoma.  

 

Antibodies can also be used to promote tumor cell killing by ADCC and CDC [Figure 4]. ADCC 

is triggered when natural killer cells (NK cells) or macrophages are recruited to an IgG-coated 

target cell by interaction of the antibody Fc portion with cognate Fc-gamma receptors [24]. 

This interaction triggers the NK cell to release perforin and granzymes which results in the 

death of the target cell [18]. The complement cascade may be activated, when C1q recognizes 

a high-local density of IgG molecules on a cell surface [18].  

 

 

Figure 4: A Antibody-dependent cellular cytotoxicity. Effector cells such as NK cells bind to the 

Fc region of an antibody which coat the surface of an antigen-positive target cell. This triggers 

the effector cell to release cytotoxic granules that contain perforins and granzymes which 

result in the lysis of the target cell. B Complement-dependent cytotoxicity. The Fc portion of 

antibodies that coat the surface of an antigen-positive cell can also be recognized by proteins 

of the innate immune system (C1q). The binding activates the complement cascade that 

results in the formation of the cell-killing membrane attack complex.  
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The complement cascade promotes local inflammation and causes cell lysis [18]. Rituximab 

(Rituxan) is a monoclonal antibody that targets CD20 on the surface of B cells. Treatment with 

Rituximab results in the killing of B cells by ADCC, CDC and induction of apoptosis by CD20 

cross-linking [25]. Rituximab is approved for the treatment of various B-cell non-Hodgkin’s 

lymphomas, chronic lymphocytic leukemia, as well as certain autoimmune disorders, such as 

rheumatoid arthritis.  

 

3.1.1.4.2. Armed antibodies 

Antibodies are ideal “vehicles” for the selective delivery of bioactive payloads to the tumor 

site sparing normal tissues. They can be used  for the pharmacodelivery of radionuclides 

[Antibody Radionuclides conjugates (ARCs)], cytotoxic drugs [Antibody drug conjugates 

(ADCs)] and cytokines (Immunocytokines).  

 

ARCs have a unique potential to be used simultaneously as imaging tools and therapeutics 

depending on the isotope. These products have been extensively studied and their limitations 

and potential explored. An attractive characteristic of ARCs is represented by the crossfire 

effect (i.e. the ability to damage cells adjacent to the target cell). In hematological 

malignancies, the use of radioimmunoconjugates has been successful and led to the approval 

of 90Y-labelled ibritumomab-tiuxetan (Zevalin) and 131I-labelled tositumomab (Bexxar) for the 

treatment of relapsed or refractory non-Hodgkin’s lymphoma [26]. Typically, solid cancers 

have a higher intrinsic radio sensitivity than hematological cancers and many 

radioimmunoconjugates have failed to show success [27]. One major challenge is the large 

molecular size of an intact IgG that results in a long half-live and poor tumor-uptake [28]. In 

turn, the use of small antibody fragments with improved pharmacokinetics and enhanced 

tumor penetration is limited due to their short tumor residence time and suboptimal tumor 

uptake [28]. Moreover, an elevated interstitial fluid pressure and hypoxia of the tumor stroma 

as well as heterogenous antigen expression may hinder the successful delivery of the ARC 

[28]. In order to optimize the delivery of ARC, various biological modifiers are being used such 

as IL-2, TNF, VEGF and Platelet-derived growth factor inhibitors [28]. Biological modifiers have 

an impact on the tumor structure, blood flow, vascular permeability or tumor interstitial 

pressure. Another strategy to improve the delivery of ARC and to reduce systemic toxicity is 

to use pre-targeting antibodies. In pre-targeting, typically a bispecific antibody is injected and 
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allowed to localize to the tumor associated antigen for a sufficient amount of time and to be 

cleared from all other tissues [29]. Afterwards, a radiolabeled small molecule is injected which 

is captured by the bispecific antibody [29]. With pre-targeting, higher radiation doses can be 

administered, side effects reduced and higher tumor: normal tissue ratios achieved [29]. 

Encouraging results from human clinical studies have been reported [29,30].  

 

Antibody drug conjugates can deliver highly potent cytotoxic drugs to the tumor site. Ideally, 

the drug should be stably conjugated to the antibody and only released when the product 

reaches the tumor site (e.g. by internalization and subsequent lysosomal degradation). Four 

ADCs are currently approved by the FDA [Gemtuzumab ozogamicin (Mylotarg), Brentuximab 

vedotin (Adcetris), Trastuzumab emtansine (Kadcyla), Inotuzumab ozogamicin (Besponsa)], 

but many other ADCs are undergoing clinical evaluation [31]. The first ADC to receive 

marketing approval was Gemtuzumab ozogamicin (Mylotarg). Mylotarg is a CD33-directed 

antibody used to treat AML. It was approved 2001 but voluntarily withdrawn from the market 

2010 because of safety and efficacy concerns. However potential benefits might have been 

covered by suboptimal dosing schemes and lack of patient subgroup analysis [32]. In 2017, 

Mylotarg was reintroduced based on data from a meta-analysis that demonstrated a 

favorable risk: benefit profile [33,34]. Serious side effects of ADCs can be caused by linker 

instability problems and off-target toxicities [32]. For this reason, a substantial amount of 

research efforts has been devoted to the optimization of linker stability. One such construct 

with optimized linker technology has been developed by Seattle Genetics (SGN-CD33A). 

Despite improved linker stability, a phase 3 clinical study in patients with acute myeloid 

leukemia has been stopped due to a higher mortality rate in the SGN-CD33A verum group 

[35]. Enhanced linker stability is no guarantee for better safety and each new construct has 

to be carefully tested.  

 

Bispecific antibodies represent one of the most promising classes of biopharmaceutical 

products, which are attracting substantial investments. Bispecific antibodies are a special 

class of armed antibodies as they bring a second antibody moiety to the target site. Indeed, 

bispecific antibodies simultaneously recognize two different epitopes. The epitopes can be 

located on two different proteins. Such products can be used to maximize the antibody 

concentration on the tumor site (e.g., if antigens are low expressed), to increase the 
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therapeutic potency (e.g., blocking two cytokines in autoimmune diseases is better than only 

one), or to minimize the development of resistance in cancer [36,37]. The epitopes can also 

be located on two different binding sites on the same target antigen for enhanced binding, or 

on two different cells in order to bring them in close proximity. In particular, the latter 

strategy is currently being pursued for cancer immunotherapy applications. The importance 

of cytotoxic CD8+ T cells in tumor cell eradication has been demonstrated in a large number 

of studies. However, T cells do not express Fc receptors and cannot participate in effector 

mechanisms, such as ADCC, provoked by the Fc portion of an IgG. The engineering of 

antibodies that form an immunological synapse between a CD8+ T cell and a tumor cell 

represents an elegant strategy to recruit and to enhance tumor cell eradication by CD8+ T 

cells. The only two bispecific antibodies that have been approved by the FDA are based on 

this principle. Catumaxomab (Removab) is a trifunctional bispecific antibody that consists of 

mouse fragments against CD3 on T cells, rat fragments against endothelial cell adhesion 

molecule (EpCAM) on tumor cells and an Fc region that binds Fc receptors on macrophages 

and NK cells [36]. This bispecific antibody may lead to the tumor cell eradication by ADCC, 

phagocytosis, cytokine cytotoxicity or T-cell cytotoxicity [36]. Catumaxomab was approved 

for the treatment of malignant ascites but withdrawn from the marked due to commercial 

reasons [38]. The other bispecific antibody which has reached marketing authorization by the 

FDA is composed of a scFv against the CD19 antigen and is called Blincyto (Blinatumumab). It 

is approved for the treatment of patients with Philadelphia chromosome-negative relapsed 

or refractory B cell precursor acute lymphoblastic leukemia (ALL), and minimal residual 

disease (MRD)-positive B-cell precursor ALL.  

 

Immunocytokines consist of antibodies armed with cytokines. They will be discussed in more 

detail in chapter 3.1.2. 

 

3.1.2. Immunocytokines  

Parts of this chapter have been adapted from: 

Hutmacher and Neri, Antibody-cytokine fusion proteins: Biopharmaceuticals with 

immunomodulatory properties for cancer therapy, Advanced Drug Delivery Reviews (2018), 

in press 
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3.1.2.1. From cytokines to antibody-cytokine fusion proteins 

Harnessing components of the immune system for therapeutic applications 

(“immunotherapy”) is steadily gaining importance for the therapy of cancer, also thanks to 

the clinical success associated with the use of immune check-point inhibitors [39]. Various 

approaches to modulate the activity of the immune system against neoplastic cells have been 

considered over the years. Among them, the use of cytokines for therapeutic applications 

continues to draw attention and R&D investments. 

 

Cytokines are proteins which modulate the activity of immune cells by binding to their 

cognate receptors and by triggering subsequent signaling events [18]. A number of cytokine 

products have gained marketing authorization and are routinely used in clinical practice. The 

most widely used cytokine products include G-CSF (Neupogen®) and GM-CSF (Leukine®) for 

the treatment of congenital and acquired neutropenia (e.g., induced by radiation), as well as 

interferon-alpha for the treatment of certain viral conditions (Pegasys®) and interferon-beta 

for the treatment of multiple sclerosis (Betaseron®, Avonex®, Plegridy®)[40]. However, 

various forms of interferon-alpha are also used for oncological applications, such as the 

treatment of hairy cell leukemia, chronic myelogenous leukemia, lymphoma, advanced or 

metastatic renal cell carcinoma, malignant melanoma and AIDS-related Kaposi’s sarcoma 

(Intron A®, Roferon A®). Despite recent progress with immune check-point inhibitors, 

interleukin 2 (IL2, Proleukin®) is still used for the treatment of metastatic renal-cell carcinoma 

and melanoma, as a small portion of treated patients can be cured with this modality [41–

43]. Moreover, tumor necrosis factor (TNF, Beromun®) has received marketing authorization 

for the treatment of unresectable soft tissue sarcoma in combination with melphalan [44,45]. 

 

The systemic administration of pro-inflammatory cytokines is often associated with severe 

dose-limiting toxicities (e.g., flu-like symptoms or vascular leak syndrome that causes 

hypotension and reduced organ perfusion), which may prevent dose escalation to 

therapeutically active regimens. These limitations underline the need and opportunity to 

generate novel cytokine-based products, which retain a potent immunostimulatory activity 

against tumor cells but display reduced side effects. Striking preclinical results were achieved 

by the intra- or peritumoral application of cytokines, intratumoral implantation of cytokine-

producing cells or cytokine gene transfection of cancer cells before implantation without 
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significant toxicities [46–50]. Although these settings are rarely applicable in the clinic and 

not suited for treating disseminated tumors, these experiments show that cytokines can 

mediate cancer cures, provided that sufficiently high concentration of product can be 

localized within the tumor microenvironment.  

 

Antibodies that are specific to accessible tumor-associated antigens represent ideal 

“vehicles” for the selective delivery of therapeutic payloads to the tumor environment, 

helping spare healthy tissues. In principle, the antibody-based targeted delivery of cytokines 

should lead to a more potent therapeutic benefit with reduced side effects. Indeed, antibody-

cytokine fusion proteins (“immunocytokines”) based on certain immunostimulatory payloads 

have shown impressive activity and selectivity in mouse models of cancer. The very first 

immunocytokine to enter clinical trials (Hu14.18-IL2) was based on remarkable preclinical 

findings with the murine analog of the immunocytokine ch.14.18-IL2. Not only was ch14.18-

IL2 able to eradicate metastatic melanoma and neuroblastoma in immunocompetent mice, 

the immunocytokine also induced protective tumor-specific long-term immunity [51,52]. 

Moreover, in our own experience, the antibody-based delivery of murine interleukin 12 (IL12) 

to the tumor neo-vasculature exhibited potent activity in various immunocompetent mouse 

models of cancer, at a dose which was at least 20-fold lower compared to recombinant 

murine IL12 used as a “non-targeted” drug [53] [Figure 5]. 

 

Figure 5: Immunocompetent mice bearing F9 tumors were treated with non-targeted IL12 or 

targeted IL12. A clear dose response is visible as well as a markedly better therapeutic benefit 
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of targeted IL12 over untargeted IL12. The indicated IL12-L19 doses are stated as IL-12 

equivalents (1 g IL-12 equivalent corresponds to 1.4 g IL12-L19). *IL12 was fused to L19, an 

antibody against the alternatively-spliced domain B of fibronectin. Adapted from Ref. [53]. 

Success in immunocytokine development for pharmaceutical applications may depend on 

several factors. Besides the choice of the cytokine payload and of the antibody target, the 

engineering of structural features of the fusion protein greatly contributes to 

pharmacokinetic and pharmacodynamic properties. The next chapters cover basic concepts 

associated with immunocytokine design and development, surveys preclinical findings for 

anti-cancer immunocytokines and discusses recent results published for clinical-stage 

products. 

 

3.1.2.2. Immunocytokine formats and molecular targets 

Various types of antibody formats can be used to design antibody-cytokine fusion proteins 

[Figure 6]. The antibody moiety can range from a nanobody (MW ~ 14 kDa) to a full-sized 

immunoglobulin (IgG, MW ~ 150 kDa). The architecture of the antibody portion can have a 

profound impact on the in vivo targeting performance with differences in blood clearance, 

extravasation, tissue penetration, diffusion and in vivo binding properties [54].  
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Figure 6: (A) Schematic representation of antibody formats. VH: heavy chain variable domain. 

VL: light chain variable domain. C: constant domain of the heavy (CH1-4) and the light chain 

(CL). SIP: small immune protein that uses the CH4 domain of an IgE antibody. Minibodies (or 

SIPs) can also be constructed with the CH3 domain of an IgG. Fab: Fragment antigen binding. 

scFv: single chain variable fragment. (B) – (D): Common immunocytokine formats used for the 

generation of monomeric (B), trimeric (C) and heterodimeric (D) cytokines. Cytokine payloads 

can be fused to practically any site of the antibody moiety (variable or constant domain of 

heavy or light chain). In certain scFv or diabody fusion structures, the colors for VH and VL are 

not indicates (and depicted in grey), since different VH-VL or VL-VH arrangements can be 

considered. The dock and lock method has been described by Rossi and colleagues that 

features the separate expression of both the antibody domain containing an AD2 peptide and 

the cytokine fused to a docking and dimerization domain (DDD2)[55–57]. When the two 

proteins are incubated under specific conditions, the DD2 domain binds to AD2 and disulfide 

bridges are formed which stabilize the construct [55–57]. 
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Immunocytokines based on full-size IgGs are bivalent in nature, leading to a high binding 

avidity. The extravasation and tumor penetration tend to be rather inefficient for intact 

immunoglobulins and their derivatives. However, higher tumor uptake compared to small 

antibody fragments can still be observed [58], resulting from a long circulatory half-life in 

blood [18]. The fragment crystallizable (Fc) region of an IgG can bind to cognate neonatal Fc 

receptors (FcRn) on endothelial cells and in the liver, rescuing the antibody product from 

degradation and thus leading to half-life prolongation [59,60]. In principle, the Fc portion 

could mediate the delivery of cytokine moieties to non-tumoral cells (e.g., leukocytes) and 

activate the immune system. Antibody-dependent-cell-mediated cytotoxicity (ADCC) is 

triggered when natural killer cells (NK cells) or macrophages are recruited to an IgG-coated 

target cell by interaction of the antibody Fc portion with cognate Fc-gamma receptors [24]. 

Moreover, the complement cascade may be activated, when C1q recognizes a high-local 

density of IgG molecules on a cell surface [18]. In order to minimize these potential problems, 

Roche has adopted a combination of glyco-engineering and amino acid mutagenesis at key 

positions in order to abrogate the interaction of IgG-based immunocytokines with immune 

system components [61–64]. 

 

Immunocytokines based on small antibody fragments display a rapid clearance from 

circulation, thus contributing to a more favorable tolerability profile [21]. The smallest 

antibody format that can be used to generate antibody-cytokine fusion proteins is the 

monomeric nanobody (i.e., a camel-derived single domain antibody). Even though tissue 

penetration of small antibody fragments may be increased compared to intact 

immunoglobulins, rapid clearance and insufficient affinity may lead to a lower tumor uptake 

compared to full IgG molecules[21]. Favorable tumor-to-organ ratios can be observed with 

certain immunocytokines that are based on noncovalent single-chain variable fragments and 

form homodimers (“diabodies”)[65,66]. These bivalent products retain the avidity and long 

tumor residence time of the parental full IgG counterpart. Good in vivo selectivity profiles 

(i.e., tumor: organ ratios) have been reported for numerous diabody-based products [65,67].  

 

The spatial arrangement of the antibody and cytokine moieties can have a profound influence 

on the in vivo performance of the corresponding product. In principle, the cytokine payload 

can be fused to any site of the antibody. For IgGs, the carboxy-terminus of the heavy chain is 
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the most commonly used position, that typically results in full conservation of cytokine 

activity [68]. However, other configurations can be considered. For example, the fusion of an 

IL2 moiety at the C-terminus of the light chain (rather than the heavy chain) was shown to 

decrease the affinity to the “intermediate-affinity IL2 receptor” (IL2R) while retaining full 

affinity for the “high-affinity IL2 receptor” (IL2R)[69]. This feature may be advantageous 

in vivo for retaining full IL2 activity but less toxicity. Heterodimeric payloads, such as IL12, 

allow for even more flexibility in product design [Figure 6D]. 

 

Immunocytokines should ideally target specific antigens that are abundantly expressed in 

neoplastic tissues but absent from normal tissue. The tumor microenvironment is a unique 

niche that emerges during the formation and progression of a tumor. Tissue remodeling and 

neo-angiogenesis can be observed in aggressive malignancies to guarantee an adequate 

supply of nutrients [70]. Antigens located on new blood vessels or in surrounding extracellular 

matrix (ECM) structures are particularly attractive for pharmacodelivery applications. The 

alternatively-spliced extra domains A (EDA) and B (EDB) of fibronectin and the A1 domain of 

tenascin-C (TnC A1)[70,71] are strongly expressed in the majority of aggressive solid tumors 

and lymphomas but are absent from normal tissue, except for the female reproductive 

system during the proliferative phase (i.e., placenta, endometrium and ovarian 

vessels)[72,73]. Monoclonal antibodies directed against ECM components, such as F8, L19 

and F16 [74–80], have shown promising biodistribution profiles in animal models and in 

patients.  

 

A number of cellular targets have been considered for antibody-based pharmacodelivery 

activities, including integrins (v3), annexin A1, prostate-specific membrane antigen (PSMA), 

vascular endothelial growth factors (VEGF) and their receptors, endoglin (CD105), CD44 

isoforms and alanyl aminopeptidase (CD13)[71]. The A33 and the carcinoembryonic (CEA) 

antigen are particularly attractive for the targeting of colorectal cancer [81–85], while 

carbonic anhydrase IX is one of the best markers of clear-cell renal cell carcinoma [86]. 

EpCAM, disialoganglioside 2 (GD2) and the fibroblast activation protein (FAP) have been 

proposed as targets, which are expressed by multiple tumor types [87–89]. Immunocytokine 

programs against these targets are currently at the preclinical or clinical investigation stage 

[Table 1]. 
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3.1.2.3. Cytokine payloads for cancer therapy 

A large number of cytokines have been tested as immunocytokine payloads during the last 

few years. A summary of all the immunocytokines that have been investigated in animal 

tumor models can be found in Table 1 in chapter 3.1.2.5. Interleukin-2 (IL2) represents the 

most commonly studied cytokine payload for anti-cancer applications. 

 

Cytokines are mediators of physiological processes that exert their function in an autocrine 

or paracrine fashion [18]. Thus, immunocytokines which are specific for tumor associated 

antigens on the surface of neoplastic cells can bridge tumor cells to certain leukocytes bearing 

the corresponding cytokine receptor and trigger specific responses. Indeed, an IL2 fusion 

protein was shown to mediate an immune synapse between a tumor cell and an NK cell that 

promoted NK cell mediated killing of the tumor cell [90]. Immunocytokines specific for tumor-

associated extracellular matrix components were shown to increase the density of leukocytes 

(especially NK cells and T cells) in the tumor niche [91–94]. Moreover, some cytokines such 

as IL2 and TNF are able to activate the endothelium at the tumor site thus favoring an 

increased uptake of therapeutics into the neoplastic tissue [95–97]. 

 

Our laboratory has worked with many cytokine payloads and the most promising anticancer 

results have so far been achieved with products based on IL2, IL12 or TNF. These payloads 

exhibit different mechanisms of action. Interleukin-2 acts as a mitogen and activator of both  

NK cell and T cell function [98]. The antibody-based delivery of IL2 to the tumor leads to an 

increased cellular infiltrate within the neoplastic mass, thus leading to a gain in therapeutic 

index [99–101]. The mechanism of action for TNF-based pharmaceuticals is unique, as they 

can trigger a rapid hemorrhagic necrosis of the tumor mass. At a later stage,  tumor reactive 

CD8+ T cells and NK may facilitate the eradication of minimal residual disease [102]. TNF was 

originally identified as an endotoxin-induced serum factor that caused the necrosis of certain 

murine tumors in vivo [103]. Tumor-homing antibody products, such as L19-TNF, can turn a 

cancer mass into a black scab [102,104]. IL12 is a cytokine which potently activates certain 

leukocytes (e.g., CD8+ T cells and NK cells), but which also displays anti-angiogenic activity, 

by upregulation of CXCL10 [105].  IL12 also regulates the balance between type 1 (Th1) and 
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type 2 (Th2) subsets of T helper cells and promotes the differentiation of naïve T cells into 

IFN- producing Th1 cells [106]. High local concentration of IFN may promote a tumor 

infiltration of CD4+ T cells and a decrease in T regulatory (Treg) cells [107–110]. 

 

3.1.2.4. Factors influencing the tumor targeting properties of 

immunocytokine products 

In order to learn about factors which influence the tumor targeting properties of antibody 

fusions, it is convenient to compare a sufficiently large number of different products based 

on the same antibody moiety. Our laboratory has fused many different cytokine payloads to 

antibodies of proven in vivo tumor targeting performance (e.g., F8 and L19) and has 

characterized the corresponding biodistribution properties in tumor-bearing mice, using 

radioiodinated protein preparations [Table 1]. These studies have shed light on certain 

parameters which can influence the tumor homing properties of antibody-cytokine fusions. 

These investigations were facilitated by the fact that antibodies directed against splice 

variants of fibronectin exhibited similar tumor targeting performance (measured as percent 

of injected dose per gram of tumor, or as tumor:organ ratios) over a broad range of 

administered doses (e.g., between 0.1 µg and 150 µg of antibody fusions; Ref. [77], references 

of Table 1 [53,94,95,101,111–138] and unpublished observations). 

 

The majority of cytokine payloads, when fused to the L19 or to the F8 antibody, can efficiently 

be delivered to solid tumors in mice, after intravenous administration in the 5 – 20 µg dose 

range. In that case, the tumor uptake and tissue selectivity of immunocytokines are typically 

similar or even better than the ones of the parental antibodies. Cytokine fusions with 

favorable tumor targeting profiles include products based on IL2, IL3, IL4, IL6, IL10, IL12, IL22, 

TNF, IFN and G-CSF [53,93,109,110,115,129,139–141]. 

 

Certain payloads, however, exhibited a dose-dependent tumor-targeting performance and 

other cytokines completely abrogated the tumor homing properties of the parental 

antibodies. These observations have allowed us to identify molecular parameters which are 

crucially important for a successful delivery to the tumor. Trapping of the cytokine payload 

by abundant receptors expressed in normal tissues may compromise the targeting 
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performance of certain fusion proteins. For instance, antibody fusions with IFN were shown 

to selectively localize to neoplastic lesions only if IFN receptor knockout mice were used for 

the experiment, or if a large amount of unlabeled antibody-cytokine fusion protein had been 

pre-administered to wild-type tumor-bearing mice [142,143]. Similar dose-dependent 

biodistribution profiles were observed for IL7, IL15 and GM-CSF, suggesting the presence of 

“titratable” receptors, which could hinder pharmacodelivery applications at low doses 

[144,145]. 

 

The isoelectric point of antibody fusions may also have a negative impact on biodistribution 

results. For example, the fusion of calmodulin (with high negative charge) or the coupling of 

Tat peptides (with high positive charge) completely abrogated the tumor homing properties 

of the parental L19 antibody, even though the products were fully immunoreactive in vitro 

and well-behaved in biochemical assays (e.g., in SDS-PAGE and gel-filtration 

analysis)[146,147]. Interestingly, L19 fusions to murine VEGF-120 efficiently targeted tumors, 

while the larger and positively-charged VEGF-164 payload prevented targeting [148]. 

 

Glycosylation and excessive molecular mass may also prevent efficient tumor targeting in 

vivo. Certain heavily glycosylated payloads (e.g., murine B7.2) were rapidly cleared via the 

hepatobiliary route and did not efficiently localized to tumors [149]. Interestingly, when 

similar payloads were fused to an antibody in IgG format, selective tumor uptake and tumor 

growth retardation was observed [150,151]. L19-IL12 and L19-TNF efficiently localized to solid 

tumors in mice. However, when murine IL12 and TNF were simultaneously fused to the L19 

antibody, the resulting fusion protein (with a molecular mass of approximately 120 kDa) had 

poor biodistribution properties, while being completely immunoreactive in in vitro assays 

[95]. Additionally, protein production methods can influence antibody glycosylation and, as a 

consequence, biodistribution results. For example, production of the F8-IL9 fusion protein 

with different set-ups (transient gene expression or stable gene expression) reproducibly led 

to protein preparations of similar biochemical properties (SDS-PAGE, gel filtration, BIAcore 

analysis) but completely different tumor homing performances. Subtle differences in 

glycosylation patterns had a major impact on the biodistribution profile [152] and 

preparations with higher proportions of terminal sialic acid residues tended to perform 

better. 
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Biodistribution studies, performed with fusions of the F8 antibody to various members of the 

TNF superfamily, have surprisingly revealed big differences in pharmacokinetic and tumor 

uptake properties, even if the products had similar molecular formats and biochemical 

properties. TNF and proteins of the TNF superfamily are non-covalent homotrimers, which 

may, however, differ in terms of thermodynamic stability [153]. TNF is a potently vasoactive 

payload, which exhibited excellent biodistribution profiles, when fused either to L19 or to F8 

[95,134,154]. However, antibody fusions with CD40L, FasL, TRAIL, truncated versions of TRAIL, 

VEGI, truncated versions of VEGL, LIGHT and various lymphotoxin combinations exhibited 

biodistribution results which were, to a varying extent, worse compared to the ones of L19-

TNF and F8-TNF [155]. Recent research results of Roland Kontermann and collaborators have 

shown that members of the TNF superfamily may benefit from being expressed as a single 

polypeptide, connecting the three monomeric units, instead of being expressed as 

monomeric units that form non-covalent homotrimers [153,156]. 

 

3.1.2.5. Immunocytokines with promising preclinical results 

A large number of immunocytokines has been investigated in preclinical mouse models of 

cancer. Table 1 presents a summary of fusion proteins which have been proposed for 

therapeutic applications. For many of them, quantitative biodistribution studies and therapy 

results in tumor-bearing mice have been reported. The table also displays the molecular 

arrangement of the antibodies (or antibody fragments) and cytokine payloads. 

 

Table 1: List of antibody-cytokine fusion proteins and their characterization 

Compound Format Antigen In vivo 

targeting 

Tumor Model Efficacy Lit. 

G-CSF 

GCSF-F8 
 

EDA + F9 s.c. F9 s.c.: I ≈ P [139] 

GM-CSF 

Anti-

HER2/neu 

IgG3-GMCSF 
 

HER2/ 

neu 

+ CT26 s.c., CT26 HER+ s.c. CT26 HER+: I > NC [157–

160] 

CLL1-GMCSF 

 

MHCII + ARH-77 n.a. [114] 

L19-GMCSF 
 

EDB  + (d.d.) F9 s.c., i.v. F9 s.c.: I > NC, [145] 
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C51 s.c., i.v. C51 s.c./i.v., F9 i.v.: I > P 

Interleukin 1 

F8-IL1 

IL1-F8 
 

EDA + F9 s.c. F9 s.c.: I > NC [140] 

Interleukin 2 

2aG4-IL2 

 

PS n.a. 4T1 i.v. Vaccination: I > NC [161] 

Anti-CEA-IL2 

 

CEA + MC-38 s.c. 

MC38-CEA s.c. 

MC38-CEA: I > NC [111] 

Anti 

HER2/neu 

IgG3-IL2 
 

HER2/  

neu 

n.a. CT26-HER2 CT26-HER2: I > NC [158–

160,162

–164] 

CEA-IL2v 

 

CEA + MC38-CEA i.s., PancO2-CEA 

i.Pc., A549 i.v., Ls174t i.s., 

N87 s.c., KPL-4 m.f.p. 

MC38-CEA i.s., PancO2-CEA 

i.PC.: I > P 

A549 i.v., Ls174t i.s., N87 s.c., 

KPL-4 m.f.p.: 

combo therapies: I > P 

[112,16

5] 

ch14.18-IL2 

 

GD2 + M21 i.v., i.s., s.c., B16-GD2 

i.v., i.s., SK-N-AS i.s., 

NX2S i.v., s.c., s.m. 

M21, i.v., B16-GD2, SK-N-AS, 

NX2S i.v., s.m., s.c.: I > NC 

[51,99,1

13,166–

168] 

ch225-IL2 

 

EGF n.a. M24met i.s. M24met i.s.: I > NC [166,16

9] 

CLL1-IL2 

 

MHCII + ARH-77 n.a. [114] 

Di-Leu16-IL2 

 

CD20 n.a. Daudi i.v. Daudi i.v.: I > NC [170] 

F8-IL2 

 

EDA + Caki-1 s.c., C1498 s.c., NB4 

s.c., WM1552/5 s.c., A375M 

i.v., K1735M2 s.c., F9 s.c., 

WEHI-163 s.c. 

Caki s.c.: I > NC, C1498 s.c.: I 

i.v. > NC, I i.t. ≈ P, NB4 s.c.: I > 

NC, WM1552/5 s.c.: I ≈ NC, 

A375M i.v.: I ≈ NC, K1735M 

s.c.: I > NC, F9 s.c.: I i.v., i.t. > P, 

WEHI-163 s.c.: I i.t. ≈ P, LLC s.c.: 

i.t. I > P, 

[93,101,

109,115

,122,17

1–173] 

F16-IL2 
 

Tnc A1 + MDA-MB-231 s.c, U87MG 

s.c., i.c. 

MDA-MB-231 s.c.: I > NC 

U87MG s.c., i.v.: I > P 

[116,11

7] 

FAP-IL2v 

 

FAP n.a. MC-38-FAP s.c. MC-38-FAP: I > NC [165,17

4,175] 

FUMK1-IL2 

 

EpCAM + MKN-74 s.c. MKN-74 s.c.: I > NC [118] 

IL2-FuP 

 

EGFR + BLM s.c. BLM s.c.: I > FuP naked [119] 
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IL2-MOV19 

 

FR + CT26-FR i.v., s.c. CT26-FR s.c.: I > NC [120] 

KS-IL2 

 

EpCAM + CT26-KSA i.s., i.v., s.c., PC-

3.MM2 i.v., 4T1-KSA s.c., i.v., 

LLC-KSA s.c. 

CT26.KSA: i.v., i.s., s.c., PC-

3.MM2 i.v., 4T1-KSA s.c., LLC-

KSA: I > NC 

[121,17

6,177] 

L19-IL2 

 

EDB  + F9 s.c., C51 s.c., N52 s.c., 

Ramos s.c., i.v., A20 s.c., 

DoHH-2 s.c., CT26 s.c., N2A 

s.c., NIE-115 s.c., K1735M2 

s.c., J558L s.c., DanG i.Pc., 

MiaPaca i.Pc., MiaPaca-A2 

i.Pc.,  

F9 s.c., C51 s.c., N52 s.c., 

Ramos, s.c., i.v., Do-HH-2 s.c., 

CT26 s.c., K1735M2 s.c., J558L 

s.c, DanG i.Pc., MiaPaca i.Pc.: I 

> NC, N2A s.c.: I > P, NIE-115 

s.c.: I in combo > P 

[72,94,1

22,178–

181] 

NHS-IL2LT 

 

Histone +  NX2S i.v., LCC i.v. NX2S i.v., LLC i.v.: I > NC  [123] 

Ta99-IL2 

 

A33 + B16F10 s.c.  B16F10 s.c.: I > NC [124] 

sm3E-IL2 

 

CEA + B16F10 s.c. B16F10 s.c.: I > NC [124] 

Interleukin 3 

F8-IL3  EDA + F9 s.c. F9 s.c.: I ≈ P [139] 

Interleukin 4 

F8-IL4 
 

EDA + F9 s.c., CT26 s.c., A20 s.c. F9 s.c., CT26 s.c., A20 s.c.: I > 

NC 

[93] 

F8-IL4-F8 
 

EDA + F9 s.c. F9 s.c.: I > P [139] 

Interleukin 6 

F8-IL6, IL6-F8 
 

EDA + F9 s.c. F9 s.c.: I > NC [140] 

Interleukin 7 

F8-IL7 
 

EDA + F9 s.c. F9 s.c.: I > NC [144] 

F8-IL7-F8  EDA + F9 s.c. F9 s.c: I > NC [144] 

Interleukin 9 

F8-IL9 
 

EDA + n.a. n.a. [152] 

Interleukin 12 

BC1-IL12 

 

EDB  + PC3mm2 i.v., s.c.,  

A431 s.c.,  

HT29 s.c. 

pC3 i.v., PC3 s.c., HT9 s.c..: I > 

NC 

A431 s.c: I ≈ NC 

[110,18

2] 

chTNT3-IL12; 

NHS-IL12 

 

DNA + LS147T s.c., DU145 s.c., 

LLC s.c., MC38 s.c., B16 s.c., 

MC38/MUC1+ s.c., 

Panc02/MUC1+ s.c., Renca 

s.c., Panc02 s.c., MB49 s.c. 

DU145 s.c., LLC s.c., MC38 s.c.., 

B16 s.c.; I > NC, MC38/MUC1+ 

s.c., Panc02/MUC1+ s.c. , 

MB49 s.c; I in combo > P, 

Renca s.c., Panc02 s.c..: I > P 

[125,18

3,184] 
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KS-IL12 

 

EpCAM n.a. DU145 i.v., CT26-EP21 i.v. DU145 i.v., CT26-EP21 i.v.: I > 

NC 

[185] 

mscIL12-

her2.IgG3 

 

Her2/ 

neu 

n.a. CT26-HER2 s.c., i.v., CT26 i.v. CT26-HER2: s.c., i.v, CT26 i.v.: I 

≈ NC 

[186,18

7] 
 

IL12-

L19(scFv) 
 

EDB  + F9 s.c.: C51 s.c., i.v. F9 s.c., C51 s.c.., i.v.: I > NC,  [92,95,1

26] 

IL12-L19(SIP) 

 

EDB  + F9 s.c. n.a. [126] 

L19-p35/p40-

L19 
 

EDB  + F9 s.c. F9 s.c.: I > NC [126] 

F8-p35/p40-

F8 
 

EDA + F9 s.c. n.a. [127] 

IL12-F8-F8 
 

EDA + F9 s.c., CT26 s.c., A20 s.c. F9 s.c.: I > NC, CT26 s.c., A20 

s.c.: I > P 

[109] 

IL12-SSI 

 

MSLN n.a. NCI-H226 i.p. NCI-H226 i.p.: I > P [188] 

HRS3scFv-

IL12 and 

HRS3scFv-Fc-

IL12 

 

CD30 + n.a. n.a. [128] 

Interleukin 13 

F8-IL13 
 

EDA + Wehi-164 s.c. Wehi-164: I > NC [189] 

Interleukin 15 

L19-IL15, 

IL15-L19 
 

EDB  + F9 s.c., i.v. 

C51 s.c., i.v. 

F9 s.c.: I > NC, 

C51 s.c./i.v., F9 i.v.: I > P 

[145] 

Anti-GD2-RLI 

(IL15) 
 

GD2 n.a. EL4 s.c., NXS2 i.v.,  EL4 s.c., NXS2 i.v.: I > NC [190] 

scFv-RD-IL15 

 

FAP + B16-FAP i.v. B16-FAP i.v.: I > NC [191,19

2] 

Interleukin 17 

F8-IL17/IL17-

F8 
 

EDA + F9 s.c. F9 s.c.: I ≈ P [193] 

Interleukin 18 

F8-IL18 
 

EDA + (d.d.) F9 s.c. F9 s.c.: I ≈ P [194] 

Interleukin 21 

Anti-CD20-

IL21 
 

CD20 n.a. A20-huCD20 s.c. A20-huCD20 s.c.: I > NC [195,19

6] 

Interferon  
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F8-IFN 
 

EDA + F9 s.c., Cloudman S91 s.c. F9 s.c., Cloudman S91 s.c.: I ≈ 

NC 

[197] 

CD20IgG3-

IFN 
 

CD20 n.a. 38C13-CD20 s.c.,  

Daudi s.c. 

38C13-CD20 s.c., Daudi s.c.: I > 

NC 

[198] 

AntiHER2/ 

neu-IFN 
 

Her2/ 

neu 

n.a. 38C13-HER2+ s.c. 38C13-HER2+ s.c.: I > NC [198,19

9] 

C2-2b-2b 

 

HLA-DR n.a. Daudi i.v.,  

CAG i.v. 

Daudi i.v.,  

CAG i.v.: I > NC 

[200] 

20-2b 

 

CD20 n.a. Daudi i.v., Raji i.v., 

NAMALWA i.v. 

Daudi i.v., Raji i.v., NAMALWA 

i.v.: I > NC 

[55] 

Interferon  

L19-IFN 

 

EDB  + F9 s.c., i.v., C51 s.c., i.v., CT26 

s.c. 

F9 s.c., i.v.: I > NC,  

C51 s.c., i.v., CT26 s.c.: I ≈ P 

[142] 

TNT3-IFN 

 

DNA + LS174T s.c., MAD109 s.c., 

RENCA i.v. 

RENCA: I > NC [136,20

1] 

TNF 

F8-TNF 

 

EDA + WEHI-164 s.c., Sarcoma 180 

s.c. 

WEHI-164 s.c., Sarcoma 180 

s.c.: I > P 

[102,15

4] 

FAP-TNF 

 

FAP n.a. HT1080-FAP+ s.c. HT1080-FAP+ s.c.: I > NC [202] 

G250-TNF 

 

CAIX + NU-12 s.c., SK-RC17/52 s.c. SK-RC17/52 s.c.: I > NC [130] 

scFvMEL-TNF 

 

gp240 + A375 s.c. A375 s.c.: I > NC [132,13

3] 

L19-TNF 

 

EDB  + F9 s.c., WEHI-164 s.c., C51 

s.c., N2A s.c., NIE-115 s.c., 

K1735M2 s.c, J558L s.c. 

F9 s.c., WEHI-164 s.c., C51 s.c. 

K1735M2 s.c., J558L s.c.: I > 

NC, N2A s.c. I > P, NIE-115 s.c.: 

I in combo > P 

[95,122,

134,178

–

180,203

] 

MFE23-TNF 

 

CEA + LS174T s.c. n.a. [135] 

TNF-TNT3 

 

DNA + LS174T s.c. n.a. [136] 

TNF-FuP 

 

EGFR + BLM s.c. BLM s.c.: I > NC [119] 
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TNF-B1 

 

LeY n.a. MCF-7 s.c. MCF-7 s.c.: I > NC [204] 

ZME/TNF 

 

gp240 + A375 s.c. A375 s.c.: I > NC [137] 

heterodimeric cytokines 

KS-IL12/IL2 

 

EpCAM n.a. LLC-EpCAM+ i.v., i.t. LLC-EpCAM+ i.v., i.t.: I > NC [205] 

HRS3scFv-

IL12-Fc-IL2 

 

CD30 n.a. 9G10-HRS3A+ s.c. 9G10-HRS3A+ s.c.: I > P [128] 

IL2-F8-

TNFmut 

 

EDA + WEHI-164 s.c., CT26 s.c., 

C1498 s.c.,  

F9 s.c. 

WEHI-164 s.c.: I > NC 

 CT26 s.c., C1498 s.c., F9 s.c.: I 

> P 
 

[138] 

IL4L-Ab-

GMCSF 

and IL4H-Ab-

GMCSF 

or

 

EpCAM n.a. n.a. n.a. [205] 

IL12-IgG3-IL2 

 

Her2/ 

neu 

n.a. TUBO s.c. Vaccine adjuvant: I > P [160] 

IL12-IgG3-

GMCSF 

 

Her2/ 

neu 

n.a. TUBO s.c. Vaccine adjuvant: I > P [160] 

Chemokines 

CCL5-F8  EDA n.a. n.a. n.a. [206] 

CCL17-F8  EDA n.a. n.a. n.a. [206] 

CCL19-F8  EDA + n.a. n.a. [206] 

CCL20-F8  EDA + n.a. n.a. [206] 

CCL21-F8  EDA + n.a. n.a. [206] 

CXCL4-F8  EDA n.a. n.a. n.a. [206] 

CXCL9-F8  EDA n.a. n.a. n.a. [206] 

CXCL10-F8 

 

EDA + F9 s.c. F9 s.c.: I > P [206] 

CXCL111-F8  EDA n.a. n.a. n.a. [206] 

F8-ITIP  EDA n.a. n.a. n.a. [206] 

TNF superfamily members 

F8-TRAIL 

 

EDA + n.a. n.a. [155] 

F8-

TRAILtrunc 
 

EDA + n.a. n.a. [155] 

F8-CD40L 

 

EDA + n.a. n.a. [155] 



   
29 

scFv-OX40L 

 

END n.a. n.a. n.a. [207] 

F8-FasL 

 

EDA + n.a. n.a. [155] 

LiGHT-F8 

 

EDA + n.a. n.a. [155] 

scFv-LiGHT 

 

END n.a. n.a. n.a. [207] 

F8-VEGI 

 

EDA + n.a. n.a. [155] 

F8-VEGItrunc 

 

EDA + n.a. n.a. [155] 

F8-LTA 

 

EDA + n.a. n.a. [155] 

scFv36–4-

1BBL  

FAP n.a. n.a. n.a. [208] 

scFv-4-1BBL 

 

END + B16-FAP i.v. B16-FAP i.v.: in combo I > P [207] 

F8-LT 

 

EDA + n.a. n.a. [155] 

F8-LTI/2 

 

EDA + n.a. n.a. [155] 

scFv-TNC-

GITRL 
 

END n.a. n.a. n.a. [207] 

other payloads 

B7.1Db  FAP n.a. B16 i.v B16 i.v: in combo I > P [207] 

B7.2Db 
 

FAP + n.a. n.a. [207,20

9] 

F8-B7.2  EDA + n.a. n.a. [149] 

scFv(19)-tTF 

 

EDB + C51 s.c., F9 s.c., FE8 s.c. C51 s.c., F9 s.c., FE8 s.c.: I > NC [210] 

L19- VEGF-

A164 
 

EDB + n.a. n.a. [148] 

L19-VEGF-

A120 
 

EDB + n.a. n.a. [148] 

 

Legend Table 1: Summary of immunocytokines that have been tested in animal models. In 

vivo targeting was assessed by biodistribution studies. Efficacy was defined as tumor growth 

retardation (“I >“ the immunocytokine performed better, “I ≈” the immunocytokine performed 
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equally) compared with a saline group (P) or negative control group (NC, untargeted cytokine 

or cytokine fused to an antibody of irrelevant specificity). The format of the immunocytokine 

is depicted according to the color code of Figure 6 with the exception of the CH1-CH3 and CHL 

domains which are depicted in blue. In the structure of dual cytokine fusion proteins, the 

additional cytokine payload is illustrated with a grey circle. The red domain in the structure of 

scFv-RD-IL15 illustrates the ILR domain. Blue shading: immunocytokines in clinical trials 

Abbreviations: +: biodistribution results published, n.a.: biodistribution data not available. i.v.: 

intravenous, s.c.: subcutaneous, i.s.: intrasplenical, i.Pc.: intrapancreatic, i.c.: intracranial, i.t.: 

intratumoural, m.f.p: mammary fat pad, s.m.: spontaneous metastasis, I.: Immunocytokine, 

DD: dose dependence, combo: in combination with a second anti-cancer therapeutic. G-CSF: 

Granulocyte colony-stimulating factor, GM-CSF: Granulocyte-macrophage colony-stimulating 

factor. EDA: alternatively-spliced extradomain A of fibronectin, EDB: alternatively-spliced 

extradomain B of fibronectin, HER2/neu: human epidermal growth factor receptor 2, MHCII: 

major histocompatibility complex class II, PS: phosphatidylserine, CEA: carcinoembryonic 

antigen, GD2: disialoganglioside, Tnc A1: alternatively spliced A1 domain of tenascin-C, FAP: 

fibroblast-activating protein, EpCAM: epithelial cell adhesion molecule, EGF: epidermal 

growth factor, EGFR: epidermal growth factor receptor, FR: alpha folate receptor, MSLN: 

mesothelin, HLA-DR: human leukocyte antigen DR, CAIX: carbonic anhydrase IX, LeY: Lewis Y 

antigen 

 

The most promising therapy results have so far been achieved with immunocytokine products 

based on IL2, IL12 or TNF as payloads [51,53,65,94,95,99,101,102,110–113,115–121,123–

128,130,132,133,135,137,138,154,160,162,167–

169,174,175,177,185,186,188,202,204,205,211–217]. Not surprisingly, these cytokines are 

not only important anti-cancer weapons from an immunological viewpoint, but also exhibit 

favorable tumor homing properties in biodistribution studies [53,94,95,101,111–138], when 

fused to suitable antibodies. Some fusion proteins based on IL2, IL12 or TNF have progressed 

to clinical trials, as described in chapter 8. 

 

Figure 5 illustrates the benefit which can be achieved by the targeted delivery of a cytokine 

payload to the tumor site. In this case, murine IL12 displayed a much more potent anti-cancer 

activity in immunocompetent mice bearing F9 murine tumors when fused to the L19 
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antibody, compared to the non-targeted recombinant murine IL12 counterpart [53]. 

Therapeutic activity was clearly dose-dependent. 

 

The groups of Reisfeld and Gillies have previously reported that IgG fusions, featuring IL2 as 

a payload, exhibited strong anti-cancer activity in various mouse models of cancer, including 

metastatic melanoma, neuroblastoma, prostate carcinoma, colon adenocarcinoma, non-

small cell lung carcinoma and lymphoma [51,52,61,90,99,113,123,166–

168,177,212,213,218,219]. The fusion proteins were typically not able to cure tumor-bearing 

mice, but durable complete responses were reported for melanoma, neuroblastoma and 

lymphoma bearing mice [51,113,166–168,213]. 

 

The groups of Morrison and Penichet showed that anti-HER-2/neu antibody fusion proteins 

based on IL2 [158–160,162,164,220], IL12 [186,221] and GM-CSF [157–160], IFN [198,199] 

can elicit potent antitumor responses against anti-HER-2/neu or CEA expressing murine 

tumors or lymphomas. Immunocytokines based on IL2 or GM-CSF were not only potent in 

inhibiting tumor growth, but also in preventing tumor growth in mice when used in 

combination with vaccines [158,160].  

 

Dafne Müller and colleagues have extensively studied antibody-cytokine fusion proteins that 

are composed of antibodies in the diabody or the scFv format linked to members of the TNF 

superfamily [207–209]. Recently, the group of Müller has described an antibody fusion 

protein based on an antibody moiety targeting the fibroblast activation protein, interleukin 

15 (IL15) and a fragment of the IL-15R chain. This IL15 fusion protein should mimic 

physiologic trans-presentation of the cytokine payload [191]. IL15 normally acts in a 

membrane-bound form bound to the IL-15R expressed on monocytes and dendritic cells 

[222]. IL15/IL15R can then bind to the heterodimeric intermediate affinity receptor 

IL2/IL15R on NK or CD8+ T cells and trigger subsequent signaling events [222]. The domain 

of IL15R involved in the binding of IL15 has been identified [223]. The Müller group reported 

the successful generation of a fusion protein that consists of the IL15 and an extended IL15R 

domain which displayed a superior antitumor activity compared to the untargeted or the 

receptor domain missing forms [191]. The group also described a trifunctional fusion protein 
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consisting of a tumor homing antibody, IL15 linked to the IL15R fragment and the 

extracellular domain of 4-1BBL [192]. This trifunctional fusion protein was even more potent 

in a mouse model of melanoma than the corresponding bifunctional molecules [192]. 

 

The fusion proteins L19-IL2 and F8-IL2 have exhibited favorable biodistribution results in 

tumor-bearing mice and a potent tumor growth inhibitory activity in various models of cancer 

[72,93,94,101,115,122,178]. Single-agent cancer cures were rare, but certain models (e.g., 

BALB/c mice bearing CT26 colon carcinoma or C57BL/6 mice bearing TIB49 acute myeloid 

leukemia) typically responded better than other models (e.g., C57BL/6 mice bearing Lewis 

Lung Carcinoma), for reasons that are still not fully understood [101,178]. 

 

Interleukin-12 is a promising payload, as it can activate NK cells and CD8+ T cells, while also 

favoring a Th1 polarization of CD4+ T cell response [105,106]. Both tumor homing properties 

and therapeutic performance crucially depend on the molecular arrangement chosen for the 

antibody moiety and the heterodimeric IL12 payload [126]. A format based on a single 

polypeptide, connecting the two IL12 subunits with the F8 antibody in single-chain diabody 

format, is easier to express compared to other molecular arrangements [109,126,127] and 

performs well in vivo. This format may thus represent the best candidate for future clinical 

development programs. 

 

TNF is a homotrimeric cytokine, which can conveniently be fused to antibodies in scFv format, 

leading to a stable non-covalent homotrimeric product [96,129,134,135,224]. In our 

experience, murine TNF was the only cytokine payload (among many that we have tested) 

capable of promoting a rapid hemorrhagic necrosis of the tumor mass in preclinical models 

[102]. Neoplastic lesions can be converted into necrotic scabs within few hours and this 

process correlates with therapeutic performance [102]. In most cases, TNF-based 

immunocytokines cannot cure tumor-bearing mice when used as single agents, since a rim of 

residual tumor cells survives and may eventually regrow. However, TNF-based products may 

be ideally suited for debulking strategies or as combination partners with other modalities, 

as discussed in a later chapter. 
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3.1.2.6. Opportunities for combination therapy 

Immunocytokines based on pro-inflammatory cytokines may be ideal combination partners 

for various anti-cancer therapeutic agents. Besides boosting the immune system, pro-

inflammatory cytokines can activate the endothelium and increase vascular permeability [95–

97], thus favoring the accumulation of other drugs at the tumor site. Various combination 

partners have been tested in preclinical experiments, including (cytotoxic) drugs [101,115–

117,134,154,172,183], small molecule drug conjugates (SMDC)[225], intact antibodies 

[72,112,124,183], bispecific antibodies [207,209], radiation [183,226–228], radiofrequency 

ablation [218], immune check-point inhibitors [95,138,175,184,229], antibody-drug 

conjugates (ADC)[214,230], vaccination strategies [158,160] and even other immunocytokine 

products [93,95,109,112,128,138,160,173,178,192,205].  

 

Tumor surgery and conventional chemotherapy are often the first-line treatment given to 

cancer patients. However, chemotherapy often is accompanied by serious side effects (e.g., 

nausea, myelotoxicity) that prevents dose escalation to therapeutically active regimens. 

Immunocytokines appear to synergize well with some, but not all, cytotoxic drugs. In addition 

to increasing drug uptake within the tumor mass [97,134], certain immunocytokines can 

exploit the immune reaction against tumor cells, initially promoted by drug-related 

immunogenic cell death [172]. In addition to the beneficial effects on tumor immunogenicity, 

certain drugs could in principle also antagonize the effects of immunotherapy (especially 

when used at high doses), as cytotoxic agents may be myelotoxic and kill the very same 

leukocytes needed to fight cancer. In this context, dose and schedule appear to be crucially 

important. For example, melanoma cures were observed when an IL2-based product was 

administered after paclitaxel chemotherapy in a mouse model of the disease, while the 

reverse schedule did not exhibit any additive benefit [172].  

 

The administration of pro-inflammatory cytokines activates the endothelium (potentially 

leading to hypotension, which may be dose-limiting) and triggers flu-like symptoms [41,97]. 

These side effects often do not overlap with those of chemotherapy (e.g., myelotoxicity) and, 

for these reasons, it is often possible to combine the two regimens at the recommended dose, 

without a forced reduction in the administered quantities. Another strategy is to use 

antibody-drug conjugates (ADC) which can deliver highly potent cytotoxic drugs to the tumor 
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site sparing normal tissues. In an immunocompetent mouse model of AML, the combination 

of an ADC and an immunocytokine based on IL2 achieved significantly better results than the 

ADC or the immunocytokine alone [214]. A trifunctional antibody-drug-cytokine conjugate 

(consisting of IL2 and a maytansinoid DM1 microtubular inhibitor fused to an antibody 

moiety) showed selective tumor-homing performance and potent anticancer activity in two 

mouse models, further encouraging this combinatorial approach [230]. Small molecule-drug 

conjugates may offer additional benefits compared to ADCs in terms of rapid diffusion into 

the tumor [231], immunogenicity [232] and lower cost-of-goods [233]. The activity of a non-

internalizing small molecule-drug conjugate was recently shown to be enhanced in 

combination with L19-IL2 [225].  

 

The combination of intact IgGs and immunocytokines has also shown promising preclinical 

results [72,112,124,183]. Products that mediate an increased density and activity of NK cells 

within the tumor mass are likely to potentiate antibody-dependent cell cytotoxicity 

(ADCC)[72,112].  

 

There is a considerable therapeutic potential associated with the combination of pairs of 

judiciously chosen immunocytokine products. Immune reactions are often boosted by the 

simultaneous presence of two or more stimuli [18]. A synergistic effect has been reported for 

the combined use of L19-IL2 and L19-TNF, both in a preclinical and clinical setting 

[122,173,178,180,234,235]. In a mouse model of neuroblastoma, treatment with the 

combination of L19-IL2 and L19-TNF resulted in a 70 % complete cure rate compared to the 

30 % cure rates observed for the respective monotherapies [235]. Moreover, total 

splenocytes from cured mice were able to fully protect naïve mice against a homologous 

tumor mediated predominantly by CD8+ T cells, thus suggesting a vaccination effect. Also in 

a myeloma model, the combined administration of L19-IL2/ L19-TNF was significantly better 

than the monotherapies [180]. In a different syngeneic immunocompetent mouse model of 

cancer, a single intratumoral injection of L19-IL2 combined with L19-TNF resulted in complete 

remission whereas the two components administered separately did not lead to cures [178]. 

These results were confirmed in two additional mouse models of cancer in an independent 

study (K1735M2 melanoma, WEHI-163 sarcoma)[122]. Other examples of immunocytokine 

combinations leading to potent anticancer activity include products based on the pairs 
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IL2/IL12 [128,160,205], IL12/TNF [95] and IL4/IL12 [93]. The latter combination was surprising 

considering that IL4 and IL12 are technically antagonistic in polarizing different fates of CD4+ 

T cell development [18]. 

 

The combination of multiple immunocytokine products is attractive from an immunological 

perspective, but difficult to implement in pharmaceutical development, as it requires more 

than one product and involves double the amount of studies and regulatory approvals. For 

this reason, it may be attractive to generate a novel class of biopharmaceutical agent 

featuring multiple cytokine payloads. This approach would lead to single products for 

industrial development (thus reducing development time and costs), but presents certain 

challenges. Not all payloads can be combined into the same molecular entity whilst retaining 

an adequate tumor targeting performance [95]. Moreover, different cytokine payloads may 

be active at different doses.  

 

Gillies et al. have generated a series of dual cytokine fusion proteins which are composed of 

IL2, IL12 and the anti-EpCAM antibody (KS-1/4)[205].  Cytokine activity was preserved in those 

constructs where the cytokines were fused to the C-terminus of the heavy or light chain 

domain, or where one cytokine was linked to the C-terminus of the heavy chain while the 

other payload was linked to the N-terminus of the heavy or light chain variable region [205]. 

These KS-IL2/ IL12 fusion proteins showed remarkable anti-tumor activity in a mouse model 

of Lewis Lung carcinoma [205]. 

 

Our group has recently reported the successful generation of a “potency-matched” dual 

cytokine fusion protein[138]. This novel fusion protein consists of the tumor targeting 

antibody F8 linked to IL2 and TNF [138]. A single point mutation of TNF was enough to match 

its potency with IL2 (IL2-F8-TNFmut)[138].  IL2-F8-TNFmut eradicated soft tissue sarcomas that 

are typically not responsive to the individual cytokine fusion proteins or the standard 

treatment with doxorubicin [138]. Also, in other mouse models of cancer (CT26, C1498, F9), 

the dual cytokine fusion protein mediated a potent therapeutic activity [138].  

 

Antibodies against immune check-point inhibitors (such as the cytotoxic T-lymphocyte-

associated protein 4 (CTLA-4), programmed cell death 1 (PD-1) or programmed cell death 
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ligand 1 (PD-L1)) are rapidly gaining importance for the treatment of various forms of cancer 

[236]. Marketed products include ipilimumab (directed against CTLA-4), nivolumab and 

pembrolizumab (directed against PD-1) and atezolizumab, durvalumab and avelumab (all 

directed against PD-L1). Ipilimumab was the first immune check-point inhibitor that was 

approved by the FDA. The CTLA-4 blocker is approved for the treatment of melanoma and is 

undergoing numerous clinical trials for including amongst others: the treatment of non-small 

cell lung carcinoma (NSLC), small cell lung cancer, bladder cancer and prostate cancer. Check-

point inhibitors provide a clear benefit to a proportion of treated patients, but cancer cures 

are still rare for many indications. It has been argued (and shown preclinically) that certain 

cytokine combinations (e.g., featuring the use of PEGylated products [237,238] or antibody 

fusions [180]) may turn “cold” tumors “hot” and may be used to potentiate immune-oncology 

drugs. L19-IL2 has been shown to effectively synergize with CTLA-4 blockade in mice with 

CT26 colon carcinoma [100]. Cured mice were able to reject subsequent rechallenge with the 

same tumor model which means that a protective long-term immunity was achieved.  These 

experiments provide a first rationale for the clinical use of targeted cytokines with immune 

check-point inhibitors.  

 

3.1.2.7. Immunocytokines in clinical trials 

Many immunocytokines have been studied in mouse models of cancer, but relatively few 

products have entered clinical trials for oncological applications. Those products feature IL2, 

TNF or IL12 as immunomodulatory payloads. A list of clinical-stage antibody-cytokine fusions 

is shown in Table 2. Selected examples are described more closely in this section. 

 

Table 2: List of immunocytokines in clinical trials 

Compound Generic Name Antibody format Antigen Indications Clinical trial 

identifier 

Company Literature 

Interleukin 2 

Hu14.18-IL2 
EMD 273063; 

APN301 

 

GD2  Neuroblastoma, 

malignant 

melanoma 

Phase I: 

NCT03209869, 

NCT00003750 

Phase II: 

NCT00590824, 

NCT00109863, 

NCT00082758, 

NCT01334515 

Merck KGaA [239–241] 
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NHS-IL2LT 

Selectikine; 

EMD 521873; 

MSB0010445 
 

DNA/ 

Histone 

complex 

Lung cancer, NSCL 

carcinoma,  

Non-Hodgkin 

lymphoma, 

melanoma 

Phase I: 

NCT00879866, 

NCT01032681 

Phase II: 

NCT01973608 

Merck KGaA 
 

[226,242] 

huKS-IL2 

Tucotuzumab 

celmoleukin; 

EMD 273066 

EpCAM Ovarian cancer, 

colorectal cancer, 

NSCL carcinoma, 

prostate cancer 

Phase I: 

NCT00132522, 

NCT00016237 

 

 

Merck KGaA [243–246] 

anti-CD20-IL2 DI-Leu16-IL2 

CD20 Lymphoma Phase I: 

NCT00720135 

Phase I/II: 

NCT01874288 

NCT02151903 

 

Alopexx 

Oncology, 

LLC 

[247–249] 

L19-IL2 Darleukin 

 

EDB  Solid tumors, 

lymphoma, 

melanoma, 

pancreas cancer, 

DLBCL 

Phase I: 

NCT02086721, 

NCT01198522 

Phase I/II: 

NCT02957019, 

NCT02076646, 

NCT01058538 

Phase II: 

NCT02076633, 

NCT02735850, 

NCT01253096, 

NCT01055522 

Phase III: 

NCT02938299 

Philogen [180,234,25

0–255] 

F16-IL2 Teleukin 

Tnc A1 AML, lung cancer Phase I: 

NCT02957032, 

NCT03207191 

Phase I/II: 

NCT01131364, 

NCT01134250 

Phase II: 

NCT02054884 

Philogen [101,256–

259] 

anti-CEA-IL2v 

Cergutuzumab 

amunaleukin; 

RO6895882 

 

CEA Solid CEA+ cancers Phase I: 

NCT02004106 

NCT02350673 

Roche 

Glycart 

[260–264]  

anti-FAP-IL2v 
RO6874281; 

RG7461 

FAP Renal cell 

carcinoma, solid 

tumors, breast 

cancer, cancer of 

head and neck 

Phase I: 

NCT03063762, 

NCT02627274 

Phase II: 

NCT03386721 

Roche 

Glycart 

[261] 

Interleukin 12 

NHS-IL12 M-9241 

 

DNA/ 

Histone 

complex 

Advanced solid 

tumors, 

malignant, 

epithelial tumors, 

malignant 

mesenchymal 

tumors 

Phase I: 

NCT02994953, 

NCT01417546 

Merck KGaA [265] 
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BC1-IL12 AS1409 

FN D7 Metastatic 

melanoma, 

metastatic renal 

cell carcinoma 

Phase I: 

NCT00625768 

 

Antisoma [110,266–

268] 

TNF 

L19-TNF Fibromun 

 

EDB  Malignant 

melanoma, 

unresectable or 

metastatic soft 

tissue sarcoma 

Phase II: 

NCT02076633, 

NCT03420014 

Phase III: 

NCT02938299 

Philogen [44,45,234,2

53,254] 

 

Legend Table 2: Clinical stage products. The format of the immunocytokine is depicted 

according to the color code of Figure 6 with the exception of the CH1-CH3 and CHL domains 

which are depicted in blue. The indications for each biopharmaceutical are given as well as 

the clinicialtrial.gov identifier number. Abbreviations: GD2: disialoganglioside, EpCAM: 

epithelial cell adhesion molecule, EDB of fibronectin: alternatively-spliced extradomain B of 

fibronectin, Tnc A1: alternatively-spliced A1 domain of tenascin-C, CEA: carcinoembryonic 

antigen, FAP: fibroblast-activating protein, FN D7: domain 7 of fibronectin. 

 

The only TNF-based immunocytokine in clinical development is L19-TNF (Fibromun). 

Fibromun is composed of the L19 antibody in scFv format specific for the EDB domain of 

fibronectin and human TNF [134,203]. TNF naturally forms a stable homotrimer and hence 

L19-TNF arranges into a trivalent antibody-cytokine fusion protein. Murine TNF fused to L19 

has shown remarkable tumor targeting in vivo in preclinical experiments in mice with a tumor 

to blood ration of 100:1 (24 hours postinjection) and superior antitumor effects relative to 

untargeted TNF in various mouse models of cancer [95,122,134,178,203,235]. Fibromun is 

currently being studied in Phase III clinical trials for the i.v. treatment of patients with 

metastatic soft-tissue sarcoma in combination with doxorubicin (EudraCT number 2016-

003239-38). Moreover, the product is being tested in a Phase III clinical trial in combination 

with L19-IL2 (Darleukin) for the intralesional administration to patients with fully-resectable 

stage IIIB/C melanoma (clinicaltrial.gov identifier NCT02938299, EudraCT number 2015-

002549-72)[253,254].  

 

When used as monotherapy in a Phase I/II clinical study, L19-TNF was well tolerated as up to 

1 mg doses per patient and the maximum tolerated dose (MTD) was not reached [44]. Tumor 

stabilizations were recorded but no objective tumor responses were observed [44]. The same 
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product, when used in isolated limb perfusion in combination with melphalan in patients with 

locally advanced extremity melanoma, induced objective responses in 89 % of the patients 

[269] at a dose which was more than ten times lower compared to the one of recombinant 

TNF used for similar procedures [270]. An ex vivo immunohistochemical analysis of tumor 

lesions confirmed a preferential localization of L19-TNF to the tumor neo-vasculature [269]. 

 

The clinical development of L19-TNF in combination with doxorubicin for the treatment of 

soft-tissue sarcoma is motivated by the high sensitivity of sarcoma lesions to TNF [271] and 

by the observation of cancer cures in immunocompetent mouse models of the disease 

[102,154]. Interestingly, mechanistic studies in mice revealed the upregulation of cytotoxic 

CD8+ T cell specific for a common endogenous retroviral antigen AH1 (derived from the gp70 

envelope protein of the murine leukemia virus) upon treatment with F8-TNF and doxorubicin 

[102]. Such retroviral sequences have been found in the genome of all vertebrate species and 

their expression has been associated with autoimmune diseases and chronic infection [272–

274] as well as with cancer [275,276]. Furthermore, cytolytic CD8+ T cells specific for retroviral 

antigens, which potently lysed melanoma cells, have already been detected in patients [277]. 

These facts raise the question if, similar to the mouse model, specific CD8+ T cells against 

retroviral antigens could also be increased in patients after L19-TNF treatment, which could 

then contribute to tumor eradication. 

 

When used in combination with L19-IL2, the intralesional administration of L19-TNF showed 

potent therapeutic activity [234]. A potent anticancer activity was seen not only in injected 

lesions, but also in a high proportions of non-injected lesions, suggesting that the product 

may be able to induce a systemic anti-cancer protective immunity [234]. 

 

DI-Leu16-IL2 (an immunocytokine specific to the CD20 antigen expressed on B cells and on 

certain B cell malignancies) showed remarkable superior anticancer activity compared to 25-

fold higher doses of an anti CD20 immunocytokine combined with untargeted IL2 in mouse 

model of human B lymphoma [213]. When tested in B cell lymphoma patients, 5 out of 13 

patients showed a partial response (PR, 2/13) or a complete response (CR, 3/13)[247]. 

Hu14.18-IL2, a product with similar molecular format (IgG-IL2 fusion) but specific to GD2 (a 

disialoganglioside which is abundantly expressed on tumors of neuroectodermal origin and 
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normally found only in the cerebellum and peripheral nerves), was studied in a Phase II clinical 

trial for children with relapsed or refractory neuroblastoma. No responses were detected in 

13 children with bulky disease, but 5 out of 23 children with less prominent but still evaluable 

disease showed a CR [239].  

 

Roche has focused on antibody-IL2 fusions based on intact IgG formats, but the company has 

preferred to use mutated versions of IL2, which display reduced binding affinity to the alpha 

subunit of the IL2 receptor (CD25)[112,174,175,278]. This choice was motivated by the fact 

that CD25 is highly expressed on regulatory T cells (Treg). Preferential binding of IL2 fusions to 

those cells could result in immunosuppressive effects, as suggested by the clinical experience 

with low-dose IL2 in patients with graft-vs-host responses [279]. In order to generate products 

with a single cytokine payload, researchers at Roche employed “knob-into-hole” technology 

[280], favoring heterodimer formation between one antibody heavy chain devoid of IL2 and 

a second antibody heavy chain, fused to the cytokine payload [Table 2]. Two products, 

targeting the CEA in colorectal cancer (CEA-IL2v) or FAP (FAP-IL2v) in various types of 

malignancies, are currently being investigated in clinical trials, alone or in combination with 

atezolizumab (anti PD-L1 antibody, clinicaltrial.gov identifier: NCT02350673, NCT03063762, 

NCT03386721), trastuzumab (anti HER-2 antibody, clinicaltrial.gov identifier: NCT02627274), 

or cetuximab (anti EGFR antibody, clinicaltrial.gov identifier: NCT02627274).  

 

Merck KGaA has also developed a fusion protein (NHS-IL2LT) in IgG format, featuring two 

mutant IL2 payloads at the C-terminal end. A single mutation (D20T) in the IL2 domain was 

introduced in order to decrease vascular toxicity by eliminating the toxin motif that binds 

endothelial cells [123].  Interestingly, this mutation also increased the specificity for activating 

the high-affinity IL2 receptor thus preferentially binding to activated T cells [123,281]. 

However, Tregs (which bear the high-affinity receptor) are also activated and thus the 

potential problem of stimulating more Tregs than antitumor effector cells remains. NHS-IL2LT 

binds to DNA-histone complexes, which become exposed and accessible in necrotic tissues (a 

characteristic feature of many rapidly-growing solid tumors)[123,282]. In a Phase I clinical 

trial with patients bearing localized or metastatic refractory solid tumors, NHS-IL2LT mediated 

a prolonged disease stabilization in a proportion of patients, but no objective tumor 

responses were reported [226].  
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L19-IL2 is an antibody-IL2 fusion in diabody format, which has been studied in various clinical 

trials, both as monotherapy or in combination with other modalities. The tumor-homing 

properties of the fusion protein were characterized by quantitative biodistribution studies 

with radiolabeled protein preparations [94]. Moreover, the parental L19 antibody has been 

used to image more than 100 patients with different types of malignancies [76,80,283]. In 

preclinical studies, L19-IL2 strongly reduced tumor growth in various mouse models of cancer 

[94,122,181,229,235], but was rarely able to completely eradicate cancer when used as single 

agent. A microscopic analysis of tumor lesions revealed a rich infiltrate of NK cells and T cells 

within the neoplastic mass, which was clearly different from the one observed with 

recombinant IL2 or with IL2 fusions with antibodies of irrelevant specificity in the mouse [94]. 

In a monotherapy study in patients with renal cell carcinoma, stable disease was observed in 

83 % patients after 2 cycles (total 6 infusions) of L19-IL2 [250]. Treatment was well tolerated 

with manageable toxicities that resolved within hours or days after L19-IL2 administration. 

 

L19-IL2 has also been used in combination with other modalities, including L19-TNF (as 

described above). The combination of L19-IL2 with dacarbazine has led to encouraging results 

for the treatment of patients with stage IV melanoma [251]. On the basis of those results, a 

controlled Phase II trial has been initiated (EudraCT number 2012-004495-19). Preclinical 

findings have shown that L19-IL2 was able to potentiate the therapeutic activity of external 

beam radiation, promoting an abscopal effect [227]. A clinical study, featuring the 

administration of L19-IL2 after stereotactive ablative radiotherapy, has recently begun, in the 

frame of the European Union IMMUNOSABR project. A potent synergistic effect has also been 

observed when combining L19-IL2 with the anti-CD20 antibody rituximab [72]. A high local 

concentration of IL2 within the tumor mass promotes the influx and activation of certain 

leukocytes, including NK cells (which are crucially important for antibody-dependent cell 

cytotoxicity). A Phase Ib clinical trial (clinicaltrial.gov identifier NCT02957019), featuring the 

administration of L19-IL2 and rituximab to patients with relapsed or refractory diffuse large 

B-cell lymphoma, has recently started. 

 

F16-IL2 is a fusion protein with a format, which is similar to the one of L19-IL2. The 

immunocytokine consists of a diabody fused to two IL2 moieties which targets the 
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alternatively spliced A1 domain of tenascin-C [116]. This antigen is overexpressed in many 

cancer types but virtually undetectable in normal tissue [284,285]. The F16 antibody 

selectively accumulates at neo-vascular tumor sites in animal models and most human breast, 

lung, and head/neck cancers [116,117,284–286]. In a xenograft model of human breast 

cancer in mice, F16-IL2 showed potent therapeutic activity alone as well as in combination 

with doxorubicin and paclitaxel [116]. In combination with temozolomide, F16-IL2 exhibited 

a strong antitumor activity in subcutaneous and intracranial glioblastoma xenografts [117]. 

F16-IL2 is now extensively being studied in several clinical trials. F16-IL2 is being investigated 

in combination with doxorubicin (clinicaltrial.gov identifier NCT01131364) or paclitaxel 

(clinicaltrial.gov identifier NCT02054884, NCT01134250, EudraCT number 2012-004018-33)  

in patients with solid tumors or metastastic breast cancer [256,258,259], with low dose 

cytarabine (clinicaltrial.gov identifier NCT02957032) or with BI 836858 (an anti CD33 

antibody, clinicaltrial.gov identifier NCT03207191) in AML [101,257] and with nivolumab (anti 

PD-1 inhibitor)[255] in non-small cell lung carcinoma patients. 

 

The only two products in clinical trials based on IL-12 are NHS-IL12 and BC1-IL12. NHS-IL12 

[183,184] is specific for DNA-histone H1 complex exposed in necrotic tumors.  In a preclinical 

experiment, NHS-IL12 was able to achieve a partial response in 2 out of 11 canines with 

spontaneously occurring solid tumors by a single injection [265]. In order to determine the 

maximum tolerated dose in humans, NHS-IL12 is now being investigated in Phase I clinical 

trials, alone (clinicaltrial.gov identifier NCT01417546) or in combination with the immune 

check-point inhibitor avelumab (clinical trial identifier NCT02994953)[265].  

 

BC1-IL12 targets a cryptic epitope on domain 7 of fibronectin, which becomes exposed in the 

presence of the alternatively-spliced EDB domain [110,285,287]. The BC1 antibody is a 

humanized version of the parental murine BC1 product that has been used for 

immunoscintigraphy to image tumors in glioblastoma patients [268]. The tumor-homing 

properties of the humanized BC1 antibody in full IgG format, linked to the dimeric IL12 at the 

C-terminus of the heavy chain, have been characterized in tumor-bearing mice, using 

quantitative biodistribution studies [182]. In a Phase I clinical trial, BC1-IL12 induced a disease 

stabilization for at least 4 months in 6 out of 11 patients with malignant melanoma [266]. 

Only one patient had achieved a sustained partial response 17 months later [266]. The 
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product was well tolerated [266], with pyrexia (85 %), fatigue (92 %), chills (62%), nausea (50 

%), vomiting (62 %) and transient liver function abnormalities (77 %) as main toxicities being 

observed in the majority of patients. IFN- and CXCL10 concentrations were elevated in the 

serum of all patients, thus indicating a cell-mediated immune response, which is in line with 

previous preclinical observations [205].  

 

3.1.2.8. Potential drawbacks of immunocytokines and possible 

strategies to minimize them 

Immunocytokines are promising biopharmaceuticals but, like cytokine products, can cause 

side effects in patients. These side effects may vary, to a certain extent, from cytokine to 

cytokine, due to differences in mode of action. Pro-inflammatory agents are typically active 

on the vasculature and it is not surprising that hypotension was reported as one of the limiting 

toxicities for clinical-stage antibody-cytokine fusions [239]. Similarly, cytokine payloads may 

cause flu-like symptoms, nausea and vomit [242,266,288]. 

 

There are substantial differences in the way recombinant cytokines were used and current 

procedures for antibody-based fusions. For example, the high-dose IL2 regimen of Rosenberg 

and colleagues features the administration of up to 800 million international units (Mio IU) of 

IL2 in one week which is repeated after one week of rest [289,290]. By contrast, various 

antibody-IL2 fusions have been administered at weekly doses in the 67.5-110-Mio IU/m2 

range for more than 6 months [239,250]. 

 

The side effects of immunocytokines are influenced not only by the pharmacokinetic 

properties of the product, but also by the administration schedule and by the animal species. 

For example, different mouse strains exhibit variations in the maximal tolerated dose. In 

general, side effects are associated with peak concentrations of the product in blood. It is 

therefore tempting to hypothesize that immunocytokines may display a non-linear toxicity 

profile and that the products may be better tolerated when administered with slow infusion 

procedures. There is initial clinical evidence in support of this hypothesis. For example, the 

maximal tolerated dose (MTD) of L19-IL2 was found to be 22.5 Million International Units of 

IL2 equivalents in clinical trials with 1 hour infusion regimens [250], while three-fold higher 
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doses could be safely administered to patients, using a 3-hour infusion protocol (unpublished 

results). 

 

Immunocytokine products based on antibody fragments (e.g., L19-IL2, L19-TNF, F16-IL2) were 

found to be not immunogenic in clinical trials [250,251,256,291]. Interestingly, a small set of 

patients who developed a low human antibody titer against the fusion proteins subsequently 

lost this reactivity upon continuation of the treatment at later cycles, possibly pointing to an 

induction of tolerance [291]. These findings are robust, as they were confirmed both by 

sandwich ELISA and by BIAcore. A similar immunogenicity study has been performed on 

hu14.18-IL2, an immunocytokine product based in IgG format. In this case, anti-

immuncytokine antibodies were found in most patients, but they did not induce allergic 

reactions or increase toxicity [292].  

 

Looking at the future, strategies that provide “activity-on-demand” for immunocytokine 

products may be particularly attractive. Ideally, antibody fusions would gain activity at the 

site of disease, upon antigen binding. Strategies that have been proposed include the use of 

“split cytokine” payloads [293] and allosteric modulation of cytokine activity upon antigen 

binding [69]. It is also possible that combination treatments may allow the use of 

immunocytokine products at doses which are well below the MTD. 
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3.2. Acute Myeloid Leukemia 

3.2.1. Leukemia overview 

Leukemia (greek for = white and = blood) is a group of cancer that is 

characterized by an abnormal increase of white blood cells [294,295]. It forms in the blood-

forming tissues such as the bone marrow [294]. A broad classification of leukemia is based on 

the cell of origin (e.g., myeloid or lymphoid) and the rate of disease progression (e.g. acute or 

chronic)[296]. With this rough classification, acute lymphoid leukemia (ALL), chronic lymphoid 

leukemia (CLL), acute myeloid leukemia (AML) and chronic myeloid leukemia (CML) can be 

distinguished from each other. Lymphoid leukemia is formed by cell types of the lymphoid 

blood lineage whereas myeloid leukemia is formed by cells of the myeloid blood lineage. A 

blood stem cell may become a myeloid stem cell that gives rise to red blood cells, platelets 

and granulocytes (eosinophils, basophils, neutrophils) or a lymphoid stem cell that eventually 

forms B or T lymphocytes or natural killer (NK) cells [Figure 7][297].  
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Figure 7: The development of the blood cells. A hematopoietic stem cell may become a myeloid 

or lymphoid stem cell. The myeloid cell lineage results in the production of erythrocytes, 

platelets and granulocytes. The lymphoid cell lineage yields B and T lymphocytes and natural 

killer cells (adapted from [297]). 

Acute forms of leukemia progress rapidly. Symptoms of acute leukemia appear relatively 

quickly since it involves immature cells that are aberrant. Chronic leukemia is usually caused 

by more mature cell types that may still carry out some of their normal functions. Chronic 

leukemia develops over a longer time than acute leukemia and the disease and symptoms get 

worse at a slower rate. 

 

The relative incidence rate [Figure 8A] shows that CLL is the most prevalent form (36 %) of 

leukemia followed by AML (27 %). Although CLL is the most prevalent form of leukemia, it has 
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also the highest 5-year survival rate (84.2%). In contrast, AML is not only the second most 

prevalent form of leukemia, it has also the lowest 5-year survival rate (27.4%) [Figure 8B].  

 

 

Figure 8: Leukemia statistics. A The relative incidence rates (in %) indicate that CLL is the most 

prevalent form of leukemia followed by AML. B The 5 year survival (in %) shows that AML has 

the worst 5 year survival of the four leukemia forms (AML, ALL, CML, CLL).[298]. 

While the most common leukemia diagnosed in adults are CLL and AML, ALL is most common 

in children and adolescents [299].  

 

3.2.1.1. Disease and classification of AML 

Acute myeloid leukemia (AML) is a group of hematopoietic neoplasms which are formed from 

progenitor cells committed to the myeloid lineage. With an incidence of 4.3 per 100’000 men 

and women (age-adjusted to the 2000 US standard population) AML accounts for 1.8 % of all 

cancer deaths [298]. AML can occur at any age but the incidence rises with increasing age 

Figure 9: The incidence of AML rises with increasing age 
(adapted from [298]) 
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[Figure 9] and it is most frequently diagnosed among people aged 65-74 with a median age 

at diagnosis of 68 [298]. The incidence of AML is slightly higher in males (5.2 per 100’000 

persons) than females (3.6 per 100’000)[298].  

 

AML is diagnosed if more than 20 % myeloid blasts can be identified in the bone marrow and/ 

or peripheral blood [300]. Two systems have been used to classify AML into subtypes. The 

older, the French-American-British (FAB) classification uses the cell morphology and the 

degree of differentiation to group acute leukemias [Table 3][301].  

 

Table 3: The French-American-British classification groups acute leukemias according to the 

morphology and the degree of differentiation (adapted from [301]). 

FAB subtype Name 

M0 Undifferentiated acute myeloblastic 

M1 Acute myeloblastic leukemia with minimal maturation 

M2 Acute myeloblastic leukemia with maturation 

M3 Acute promyelocytic leukemia 

M4 Acute myelomonocytic leukemia 

M4 eos Acute myelomonocytic leukemia with eosinophilia 

M5 Acute monocytic leukemia 

M6 Acute erythroid leukemia 

M7 Acute megakaryoblastic leukemia 

 

A newer system is based on the World Health Organization (WHO) classification of 2008 which 

considers molecular genetics, morphological, cytogenetics and immunological markers with 

the additional aim to deliver a prognostic value [Table 4] [302].  

 

Table 4: The WHO classification of AML adapted from [302]. t = translocation, inv= inversion 

AML with recurrent genetic abnormalities: 

• AML with t(8;21), RUNX1-RUNXT1 

• AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11 

• APL with t(15;17)(q22;q23); PML-RARA 

• AML with t(9;11)(p22;q23); MLLT3-MLL 

• AML with t(6;9)(p23;q34); DEK-NUP214 
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• AML with inv(3)(q21q26.2) or t(3;3)(q21;q26.2); RPN1-EVI1 

• AML (megakaryoblastic) with t(1;22)(p13;q13); RBM15-MKL1 

• Provisional entity: AML with mutated NPM1 

• Provisional entity: AML with mutated CEBPA 

Acute myeloid leukemia with myelodysplasia-related changes 

Therapy-related myeloid neoplasms (patients that previously had chemotherapy and/or radiation) 

Acute myeloid leukemia, not otherwise specified (this group includes cases of AML that do not fall into one 

of the above mentioned classes and it is similar to the FAB classification): 

• AML without maturation (M0) 

• AML with minimal differentiation (M1) 

• AML with maturation (M2) 

• Acute myelomonocytic leukemia (M4) 

• Acute monoblastic/monocytic leukemia (M5) 

• Acute erythroid leukemia (Pure erythroid leukemia/ Erythroleukemia) (M6) 

• Acute megakaryoblastic leukemia (M7) 

• Acute basophilic leukemia 

• Acute panmyelosis with myelofibrosis 

Myeloid sarcoma (chloromas) 

Myeloid proliferations related to Down syndrome 

Acute leukemias of ambiguous lineage (these leukemias contain both lymphocytic and myeloid 

characteristics) 

 

Prognostic factors, such as chromosomal abnormalities and gene mutations, are used to 

determine the risk of disease recurrence. For example, a patient carrying a translocation 

between chromosome 8 and 21 usually has a good prognosis whereas a patient with an 

internal tandem duplication of the FLT3 gene has a higher relapse rate [303]. Cytogenetic and 

molecular genetic data can be used to define 4 general risk groups (favorable, intermediate-

I, intermediate-II, adverse) [Table 5].  

 

Table 5: Cytogenetic and molecular genetic data allows the classification of AML into 4 

general risk groups (adapted from [304]). * = AML with normal karyotype, t(a;b) = 

translocation between chromosome a and b, inv(a) = inversion of chromosome a, ITD= internal 

tandem duplication 

Genetic group Subsets 
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Favorable t(8;21)(q22;q22); RUNX1-RUNX1T1 

inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11 

Mutated NPM1 without FLT3-ITD*  

Mutated CEBPA* 

Intermediate-I Mutated NPM1 and FLT3-ITD* 

Wild-type NPM1 and FLT3-ITD* 

Wild-type NPM1 without FLT3-ITD* 

Intermediate-II t(9;11)(p22;q23); MLLT3-MLL 

cytogenetic abnormalities not classified as favorable or adverse 

Adverse inv(3)q(21q26.2) or t(3;3)(q21;q26.2); RPN1-EVI1 

t(6;9)(p23;q34); DEK-NUP214 

t(v;11)(v;q23); MLL rearranged 

-5 or del(5q); -7; abnl(17p); complex karyotype 

 

Other factors that have an adverse prognosis include higher age (remission rates are inversely 

related to age), markers of the cells (such as the progenitor cell antigen CD34), increased 

white blood cell count (>100,000/m3), systemic infections at diagnosis, leukemia cells which 

have spread into the central nervous system and a history of myelodysplastic syndrome 

[303,304]. 

 

Symptoms of AML are caused by a shortage of normal blood cells (e.g., shortness of breath, 

pale skin), reduced platelet count (e.g., prolonged bleeding or easy bruising), low neutrophil 

counts (frequent infections) and high number of leukemia cells (e.g., bone and/or joint pain, 

splenomegaly, hepatomegaly) [305]. Unspecific symptoms include night sweat, fatigue, loss 

of appetite and weight [305]. 

 

3.2.1.2. Treatment of AML 

The standard pharmacotherapy regimen for AML patients is typically composed of an 

“induction phase” to achieve a complete remission (usually defined when the bone marrow 

blasts < 5%, absence of extramedullary disease, absolute neutrophil count > 1000/µl, platelet 

count > 100000/ µl), followed by a “consolidation phase” to maintain this response [304].  
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3.2.1.2.1. Induction therapy 

The standard induction therapy consists of 3 days of an anthracycline (e.g., daunorubicin 45-

60 mg/m2, or an alternative anthracycline at equivalent dose such as idarubicin) followed by 

7 days of cytarabine (100-200 mg/m2 continuous IV). This is called the “3+7 regimen”, which 

is routinely adapted since 1973 [304,306]. Complete response (CR) is achieved in 60- 80% of 

younger adults (age 18- 60) and in 50% of older adults (age 60- 74). In younger adults, no 

other induction therapy has been shown to be better so far [304]. Only the use of higher dose 

of daunorubicin (60 mg/m2) results in a higher rate of complete remission (age group 17-60: 

70 % vs 57% and in age group 60-83: 64 % vs 54 %) and improved overall survival (age group 

17-60: 23.7 vs 15.7 months, age group 60-83: no significant difference) compared to the 

standard dose of the drug without a higher rate of serious adverse events [307,308]. For 

patients older than 75 years of age, the chances of a cure with the “3+7 regimen” is estimated 

to be less than 10% [309]. Older patients (60 years +) typically exhibit more comorbidities and 

therapeutic resistance (probably due to differential chemotherapy metabolism) than younger 

patients [309]. They often display a higher incidence of unfavorable chromosomal 

abnormalities and suffer more often from treatment-related death (up to 25%) [304]. In the 

elderly population, patient-specific fitness is an important criteria in the decision for the 

treatment. Alternative therapies should be considered for patients which are not fit for the 

intensive standard therapy. However in a randomized trial, low-dose cytarabine (20 mg twice 

daily, s.c for 10 days) was still better than hydroxyurea (18 % vs 1 %) and supportive care in 

achieving CR in this patient group [310].  

 

3.2.1.2.2. Post-remission strategy 

Various post-remission strategies have been tested including high-dose cytarabine (HiDAC, 

≥1000 mg/m2), prolonged maintenance chemotherapy and high dose chemotherapy 

followed by autologous or allogeneic hematopoietic stem cell transplantation (allo-HSCT) 

[300,304]. Allo-HSCT is associated with the lowest relapse rate in patients younger than 60 

years and induces a significant better overall survival in patients with intermediate- and high-

risk AML compared to alternative post-remission strategies [304]. Treatment-related 

mortality for allo-HSCT is high (varies between 15% to 50%) and the decision to perform a 

allogeneic HSCT has to be carefully considered, taking cytogenetics, fitness and comorbidities 

into account [304]. Patients with favorable-risk AML (according to cytogenetic and molecular 
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genetic risk criteria mentioned in Table 5) are usually not subjected to allogeneic HSCT unless 

the transplant risk is low [304]. Instead, a common post-remission therapy that consist of 

repetitive cycles of HiDAC is pursued.  

 

3.2.1.2.3. Alternative strategies and novel therapeutics 

In spite of progress in the treatment of AML, this cancer type remains potentially lethal for 

patients who do not benefit from a successful bone marrow transplant or for the elderly 

population, which cannot receive a bone marrow (BM) allograft [311]. There is an urgent need 

to develop new therapeutic agents that display a biocidal activity against AML cells, while 

sparing normal tissues, as conventional chemotherapeutic agents are often unable to 

promote durable complete remissions [312]. Several strategies are being explored including 

FLT3 inhibitors (e.g., sorafenib, midastaurin, quizartinib), hypomethylating agents, and check-

point inhibitors [Table 6] [300]. Monoclonal antibodies have also been considered as 

biopharmaceuticals for the treatment of AML. For example, immunoglobulins directed 

against CD33, CD117 or CD123 have been investigated for antibody-dependent cell-mediated 

cytotoxicity (ADCC) applications, in spite of the fact that those surface antigens are also found 

on the surface of hematopoietic stem cells [311]. Moreover, products based on “armed” 

antibody have been developed for AML treatment, including antibody-drug conjugates 

(ADCs), bispecific antibodies and Chimeric Antigen Receptor-T cells (CAR-Ts) [311]. For 

instance, Mylotarg® is an ADC product which has been approved for the treatment of relapsed 

or refractory CD33-positive AML, while several other antibody therapeutics are currently 

being studied in clinical trials in AML patients. 

 

Table 6: Potential targets and selected therapeutics for the treatment of AML ([300,313,314]). 

PD-1: programmed cell death 1, PD-L1: programmed cell death ligand 1, LAG-3: lymphocyte-

activation gene 3, IDH: isocitrate dehydrogenase, MDM2: mouse double minute 2 homolog, 

MLL: mixed lineage leukemia, CXCR4: C-X-C chemokine receptor type 4, DOT1L: DOT1-like 

histone H3 methyltransferase, BET: bromodomain and extraterminal domain family, PI3K, 

phosphoinositide 3-kinase; MEK: mitogen/ extracellular signal-regulated kinase, TET2: Tet 
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methylcytosine dioxygenase 2, FLT3: fms-related tyrosine kinase 3, DNMT3A: DNA-

methyltransferase 3 alpha 

Target Therapeutic Strategy 

CD25 ACDT-301 Antibody drug conjugate 

CD27 CDX-1127 Naked IgG 

CD33 BI 836858 Naked IgG 

Gemtuzumab ozagomicin  Antibody drug conjugate 

SGN-33 Naked IgG 

SGN-33A Antibody drug conjugate 

90Y/213Bi/225Ac-SGN-33 Radioimmunoconjugates 

IMGN779 Antibody drug conjugate 

CD45 BC8 Radioimmunoconjugate 

CD56 IMGN770 Antibody drug conjugate 

CD70 ARGX-110 Naked IgG 

CD98 IGN523 Naked IgG 

CD123 CSL362 Naked IgG 

SL-401 Cytokine toxin fusion protein 

KHK2823 Naked IgG 

SGN-CD123A Antibody drug conjugate 

IMGN632 Antibody drug conjugate 

XmAB14045 Bispecific antibody 

MGD006 Bispecific antibody 

JNJ63709178 Bispecific antibody 

UCART123 CAR-T cell 

MB-102 CAR-T cell 

CD152 (CTLA-4) Ipilimumab, tremelimumab Check-point inhibitor 

CD274 (PD-L1) Durvalumab, atezolizumab, avelumab Check-point inhibitor 

CD279 (PD-1) Nivolumab, pembrolizumab Check-point inhibitor 

CXCR4 BL-8040 Peptide 

DNMT3a Decitabine Hypomethylating agent 

5-azacytidine Hypomethylating agent 

FLT3 Sorafenib Small molecule kinase inhibitor 

Midostaurin Small molecule kinase inhibitor 

Quizartinib Small molecule kinase inhibitor 

Crenolanib Small molecule kinase inhibitor 

IDH1 AG-120 Small molecule 
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IDH2 Venetoclax Small molecule 

AG-221 Small molecule 

LAG3 Check-point inhibitor Naked IgG 

MDM2 RG7388 Small molecule 

RG7112 Small molecule 

MEK MEK162 Small molecule kinase inhibitor 

Trametinib Small molecule kinase inhibitor 

MLL DOT1L inhibitor  Small molecule 

BET inhibitors Small molecule 

PI3K BYL719 Small molecule 

RAS Trametinib Small molecule kinase inhibitor 

TET2 5-azacytidine Hypomethylating agents 

 

 

3.2.1.3. CD123 as a novel target for the treatment of AML 

The  chain of interleukin 3 receptor (IL3RA or CD123) is overexpressed in a variety of 

hematological disorders including AML, chronic myeloid leukemia, B-lymphoid leukemia, 

blastic plasmocytoid dendritic neoplasms and hairy cell leukemia [315]. CD123 was first 

reported as unique surface marker for CD34+CD38- acute myelogenous leukemia stem cells 

(LSCs) [316] and was later shown to be also overexpressed on AML blasts compared to normal 

HSCs and myeloid progenitors [317,318]. High levels of CD123 correlate with an adverse 

prognosis [319,320]. For these reasons, pharmaceutical companies have considered CD123 

as a target for the development of biopharmaceuticals. Clinical-stage ADCs directed against 

CD123 include SGN-CD123A and IMGN632 [314]. In addition, bispecific antibody products 

(e.g., XmAB14045, MGD006, JNJ63709178)[321–323], CAR-T cells (e.g., MB-102, 

UCART123)[324,325], as well as “naked” IgGs with enhanced ADCC activity (CSL362, KHK2823) 

have started clinical development programs [314]. CSL362 (Talacotuzumab) was the first anti-

CD123 antibody to be tested in patients. CSL362 is derived from a parental murine 

monoclonal antibody, that has been humanized, affinity-matured and ADCC-potentiated by 

the insertion of S293D and I332E substitutions in the Fc region [326]. The industrial 

development of CSL362 has been discontinued, because of unfavorable risk/ benefit profiles 

in vivo [327]. 
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3.3. Aim of the thesis 

Within this thesis, two independent research projects were performed. In a first project, an 

existing therapeutic, namely F8-IL2, was studied in combination with immune check-point 

inhibitors in tumor-bearing mice. In a second project, a new therapeutic was developed for 

the treatment of AML. 

 

Project 1: F8-IL2 in combination with immune-check-point inhibitors  

Systemic high-dose IL2 is able to elicit complete responses in patients suffering from 

metastatic melanoma [328]. However, the majority of patients cannot receive the whole 

treatment dose due to severe toxicities [41,329]. Other approved drugs such as 

chemotherapeutics [330] and immune check-point inhibitors [331,332] also provide a clear 

benefit to patients, but cancer cures are still rare. Therefore, targeting IL2 to the site of 

disease represents a promising strategy to circumvent its toxicity and maximize efficacy. 

 

Our laboratory has previously described two fusion proteins (F8-IL2 and L19-IL2), featuring 

antibodies in diabody format fused to IL2 and expressed in mammalian cells [94,115,172], 

which recognize the alternatively-spliced EDA and EDB domains of fibronectin, respectively. 

These extra-domains of 91 amino acids are conserved from mouse to human [333] and are 

expressed in the majority of aggressive solid tumors and lymphomas while being 

undetectable in normal tissue, with the exception of the female reproductive system 

(placenta, endometrium, and some ovarian vessels) [334]. Both F8-IL2 and L19-IL2 have 

shown single-agent activity in various immunocompetent mouse models of cancer 

[94,101,115,178], and these products can potently synergize with certain cytotoxic agents 

[101,172], external beam radiation [227], intact immunoglobulins working through ADCC 

mechanisms [72], as well as other antibody-cytokine fusions [93,178,179]. The disease-

homing properties of the parental L19 and F8 antibodies have been extensively characterized 

in mouse models and in patients using nuclear medicine procedures [76,77,101,115,283,335]. 

 

The aim of the first part of the thesis was to study the anti-cancer activity of F8-IL2 in 

combination with antibodies directed against murine PD-1, PD-L1, and CTLA-4 in 
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immunocompetent mice bearing syngeneic tumors. The immune checkpoint inhibitors 

against the PD-1/ PD-L1 (nivolumab, pembrolizumab, atezolizumab, durvalumab, avelumab) 

or CTLA-4 (ipilimumab, tremelimumab) pathway served as murine surrogates for successful 

biopharmaceuticals, which are increasingly being used for the treatment of patients with 

various types of malignancies [236]. 

 

The work was published in: 

Hutmacher and Neri, Targeted Interleukin 2 and synergy with immune check-point 

inhibitors [abstract]; Cancer Res (2018),78(13 Suppl): Abstract nr 3811 

 

Hutmacher and Nuñez et al., Targeted Delivery of IL2 to the Tumor Stroma Potentiates the 

Action of Immune Checkpoint Inhibitors by Preferential Activation of NK and CD8+ T Cells, 

Cancer Immunol Res (2019), In Press 

 

Project 2: New therapeutics for the treatment of AML  

In spite of progress in the treatment of acute myeloid leukemia (AML), this cancer type 

remains potentially lethal for patients who do not benefit from bone marrow (BM) 

transplantation or for the elderly population, which cannot tolerate high-dose chemotherapy 

nor receive allogeneic BM graft [336]. Moreover, conventional chemotherapeutic agents are 

often unable to promote durable complete remissions [312]. Therefore, there is an urgent 

need to develop new therapeutic agents that display a biocidal activity against AML cells, 

while sparing hematopoietic stem cells (HSCs). 

 

Our laboratory has performed a surface proteome analysis of myeloid leukemia cell lines and 

presented an atlas of potential targets for the treatment of AML [337]. One of the identified 

antigens, CD123, was already known to be overexpressed in AML and to be correlated with a 

worse prognosis based on literature research [317–320]. Several pharmaceutical companies 

have developed biopharmaceuticals that target CD123 including intact immunoglobulins 

[314], bispecific antibodies [321–323], CAR-T cells [324,325], and ADCs [314]. The aim of this 

project was to produce and characterize a new and fully-human anti-CD123 antibody for the 

treatment of AML.  
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The work has recently been submitted for publication: 

Hutmacher et al., Development of a novel fully-human anti-CD123 antibody to target acute 

myeloid leukemia, submitted 
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4. Results 

4.1. F8-IL2 in combination with immune-check-point inhibitors 

This chapter has been adapted from 

Hutmacher and Nuñez et al., Targeted Delivery of IL2 to the Tumor Stroma Potentiates the 

Action of Immune Checkpoint Inhibitors by Preferential Activation of NK and CD8+ T Cells, 

Cancer Immunol Res (2019), In Press 

 

4.1.1. Product characterization 

The fusion protein composed of the F8 antibody specific to the extra-domain A of fibronectin 

and human IL2 in diabody format (F8-IL2) was produced as previously described by our group 

[115] and purified to homogeneity. Figure 10A shows a schematic illustration of the non-

covalent homodimer, formed by the antibody-IL2 fusion in diabody format.  

 

 

Figure 10: In vitro and in vivo characterization of F8-IL2. (A) Schematic domain assembly of 

the F8-IL2 in diabody format. (B) SDS-PAGE analysis of purified F8-IL2 under nonreducing (NR) 

and reducing (R) conditions. M = Marker. (C) Size-exclusion chromatography profile. (D) 

BIAcore analysis of F8-IL2 on EDA-coated chip. (E) CTLL2 cell proliferation assay. The biological 
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activity of the IL2 moiety was assessed by its capability to stimulate proliferation of CTLL2 

cells. Starved CTLL2 cells were seeded in triplicates in 96-well plates in culture medium 

supplemented with different concentrations of F8-IL2 or recombinant IL2. Shown is the mean 

± SEM of triplicates. (F) Biodistribution study of F8-IL2 in F9 teratocarcioma bearing mice. Mice 

were injected with 0.86 g radio-iodinated F8-IL2, sacrificed after 24 hours, organs excised, 

and the radioactivity counted. The radioactivity of each organ is expressed as injected dose 

per gram of tissue (% ID/ g ± SE). 

 

The product was homogeneous and had the estimated molecular size of approximately 42 

kDa in SDS-PAGE and gel-filtration analysis [Figure 10B,C], bound avidly to the cognate 

antigen EDA of fibronectin [Figure 10D], and retained the same in vitro activity as commercial 

human recombinant IL2 in a proliferation assay of murine T lymphocytes [Figure 10E]. A radio-

iodinated preparation of F8-IL2 selectively localized in solid tumor lesions of F9 

teratocarcinomas compared with liver, lung, spleen, kidney, heart, intestine, and blood 24 

hours after intravenous administration. At that time point, a mean of 9.3 ± 2.9 percent 

injected dose per gram of tumor (% ID/g) was observed, with a tumor:blood ratio of 42.5 

[Figure 10F]. The F8 antibody stained the stroma of CT26 and MC38 tumors, whereas the KSF 

antibody (directed against hen egg lysozyme and serving as negative control) did not exhibit 

a specific staining. CD31 was used as the target for staining blood vessels to have a better 

understanding of the tumor structure [Suppl. Figure 1A,B]. Collectively, our findings showed 

that the F8-IL2 construct retained the activity of recombinant IL2, bound with high affinity to 

the cognate EDA antigen, and selectively localized to tumors in vivo. 

 

4.1.2. Therapy experiments 

For therapy studies, we used immunocompetent mice bearing subcutaneous CT26 

carcinomas. These tumors had previously been reported to respond to immune checkpoint 

inhibitors (directed against murine PD-1, PD-L1, and CTLA-4) when used as monotherapy 

[338,339]. Mice bearing subcutaneously grafted CT26 tumors were treated when lesions had 

reached approximately 80 mm3. F8-IL2 was administered on days 5, 8, and 11 at a dose of 45 

µg, whereas immune checkpoint inhibitors were given on days 6, 9, and 12 at a dose of 200 

µg [Figure 11].  
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Figure 11: Therapeutic performance of F8-IL2 and checkpoint inhibitors in 

immunocompetent BALB/c mice bearing subcutaneous CT26 colon carcinoma. Mice received 

intravenous injections of either 45 g F8-IL2 (blue squares), 200 g of a checkpoint inhibitor 

(anti–CTLA-4, anti–PD-1 or anti–PD-L1, red triangles), 45 g F8-IL2 followed by 200 g of a 

checkpoint inhibitor (pink x) or PBS (black circles). The left column depicts tumor volume versus 

time. The right column shows the corresponding body weight changes over time. Data 

represent tumor volume ± SEM or body weight change (%) ± SEM. n = 5 mice per group. CR = 

complete response. Arrows indicate the day of injection of F8-IL2 (blue arrows) and checkpoint 

inhibitors (red arrows). Colored stars indicate days on which a mouse of the corresponding 

group with the same color code had to be euthanized according to the termination criteria. A 
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regular two-way ANOVA test with the Bonferroni post-test was performed to determine the 

statistical significance between the groups (*, p<0.05, **, p<0.01; ****, p<0.0001). For the 

CTLA-4 study on day 14: PBS vs each treatment group p = ***, F8-IL2 vs CTLA-4 non-significant, 

F8-IL2 vs Combo p= ***, Combo vs CTLA-4 p = ***. For the PD-1 study on day 19: PBS vs each 

treatment group p= ***, F8-IL2 vs PD-1 non-significant, F8-IL2 vs Combo p=*, PD-1 vs Combo 

non-significant. For the PD-L1 study on day 19: PBS vs each treatment group p=***, the 

difference between the treatment groups is non-significant (p> 0.05).  

 

F8-IL2 displayed a potent tumor growth inhibition compared to the saline control, but 

complete remission was observed only in a small proportion of treated mice. Similarly, 

antibodies directed against CTLA-4, PD-1, and PD-L1 had single-agent activity, but also only 

rarely led to complete tumor control [Figure 11]. The combination of F8-IL2 with CTLA-4 

blockade led to complete and durable responses in all treated animals. A potent activity was 

also observed for the combination with anti–PD-1 antibodies, even though most tumors 

eventually regrew. The lowest therapeutic activity was observed for the PD-L1 combination. 

All treatments were very well tolerated, as evidenced by the absence of body weight loss 

[Figure 11].  

 

To determine whether the combination of F8-IL2 in combination with CTLA-4 blockade would 

also be effective in a second tumor model, we treated immunocompetent mice bearing MC38 

colon carcinomas. This model had previously been reported to be associated with an 

immunosuppressive phenotype and does not respond well to immune checkpoint inhibitors 

used as a monotherapy [338]. Mice bearing subcutaneously grafted MC38 colon carcinomas 

were treated when lesions had reached approximately 75 mm3. F8-IL2 was administered on 

days 5, 8, and 11 at a dose of 30 µg, and anti–CTLA-4 was given on days 6, 9, and 12 at a dose 

of 200 µg. The combination of CTLA-4 blockade with F8-IL2 substantially reduced the tumor 

growth, whereas the individual agents were significantly less potent (p<0.0001) [Figure 12]. 
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Figure 12: Therapeutic activity of the F8-IL2/CTLA-4 blockade combination against 

subcutaneous MC38 colon carcinoma. Mice were challenged with 1x106 MC38 colon 

carcinoma cells, and treatment was started when tumors reached a size of approximately 75 

mm3. Mice received intravenous injection of either 45 g F8-IL2 (blue squares, on day 5, 8, and 

11 after tumor cell implantation), 200 g of an anti–CTLA-4 (red triangles, on day 6, 9, and 

12),  or 30 g F8-IL2 followed 24 hours later by 200 g of the checkpoint inhibitor (pink x, on 

day 5, 8, and 11) or PBS (black circles, on day 5, 6, 8, 9, 11, and 12). The left graph depicts 

tumor volume versus time, and the right graph displays the body weight change versus time. 

Data represent tumor volume or body weight change ± SEM. n = 4 mice per group. **, p<0.01; 

****, p<0.0001 (regular two-way ANOVA with the Bonferroni post-test). 

 

Mice without measurable tumor masses at day 62 or day 60 after the tumor implantation 

were re-challenged with CT26 or MC38 cells. In all cases, the tumors did not grow back [Suppl. 

Figure 2], indicative of protective anti-cancer immunity and immune memory, presumably 

directed against the AH1 antigen [339–343]. 

 

4.1.3. Mechanistic studies 

To gain mechanistic insights on the anti-cancer activity played by different types of 

leukocytes, we performed a multiparameter flow-cytometric characterization of leukocytes 

using a panel of 23 fluorochromes [Suppl. Table 1]. We analyzed the leukocyte populations 

present in tumors, spleens, and draining lymph nodes in CT26 tumor–bearing mice at day 13 

after tumor implantation (i.e., 24 hours after the last injection) [Figure 13-Figure 14,Suppl. 

Figure 3-Suppl. Figure 4]. Figure 13 shows the phenotype of the tumor-infiltrating leukocytes 
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from all treated groups, defined as saline (PBS), F8-IL2, anti–CTLA-4 (aCTLA-4), and 

combination (Combo) treatment. For an unbiased analysis, we reduced the high-dimensional 

dataset into two dimensions through t-distributed stochastic neighbor embedding (t-SNE) 

that stochastically displayed CD45+ cells from the 4 groups [Figure 13, Suppl. Figure 3A] in 

combination with FlowSOM meta-clustering. Heatmaps show the normalized marker 

expression of each population (black and white) or each condition (red) in the tumor [Figure 

13]. We identified 7 main clusters with this approach [Figure 13A]. An increased density (cell 

number/ mg tumor) of myeloid, NK cells, and CD4+ T cells in tumors from mice that received 

F8-IL2 or anti–CTLA-4 (alone or in combination) was observed [Figure 13A]. All these 

treatments also doubled the density of CD8+ T cells and increased Tregs approximately three 

fold[Figure 13A]. Differences in CTLA-4, KLRG1, PD-1, and Ki67 positivity in Tregs were 

observed in the Combo group compared with PBS-treated mice [Figure 13B, Suppl. Figure 

3B]. A finer analysis of T-cell marker expression in different treatment groups revealed that 

CTLA-4 blockade (alone or in combination) led to increased PD-1 positivity in CD4+ T cells 

[Figure 13B]. In those cells, CD25 was upregulated in all treatment groups compared to saline 

[Suppl. Figure 3B]. Analysis of CD8+ T cells showed that CTLA-4 treatment (alone or in 

combination) was the most efficient in triggering the expression for TIM-3 [Figure 13B]. 

Unbiased analysis of the CD8+ T-cell compartment (using FlowSOM and Citrus) displayed a 

lower frequency of PD1+TIM3–Ki67–CD8+ T cells in mice treated with CTLA-4 blockade (alone 

or in combination with F8-IL2) [Figure 13C, Suppl. Figure 3C]. However, in those mice, the 

frequency and the expression for PD-1, TIM-3, and Ki67 were increased, suggesting local T-

cell activation and expansion [Figure 13C, Suppl. Figure 3C]. Further analysis (using FlowSOM 

and Citrus) of the NK cell compartment showed an increased frequency and expression for 

KLRG1, CD11b, and EOMES in the PBS-treated group, corresponding to a more mature 

phenotype and a slower in vivo turnover rate [344] [Figure 13D,E, Suppl. Figure 3D].  
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Figure 13: Multiparameter flow cytometric analysis of tumor immune cell infiltrates. Single-

cell suspensions from CT26 tumors (PBS n=3, F8-IL2 n=3, CTLA-4 n=4, Combo n=4 tumors per 

group) were stained with fluorochrome-conjugated antibodies. (A) t-SNE map showing the 

FlowSOM-guided meta-clustering (left) and quantification (cell number/ mg tumor) of live 

intratumoral CD45+ cell clusters in the different treatment groups (right). Each color 

represents a meta-cluster and is associated with a different immune population (left). (B) t-

SNE map showing the FlowSOM-guided meta-clustering gated on TCRβ+ cells from live CD45+ 

cells (left), heatmap showing the median marker expression (value range: 0-1) for each 

defined population (middle; black and white), and among each T-cell subpopulation in the 

different conditions (right; red). (C) t-SNE map showing the FlowSOM-guided meta-clustering 

gated on CD8+ T cells from live CD45+, TCRβ+ cells (left), heatmap showing the median marker 

expression for each defined population (middle; black and white), and frequencies of the four 

CD8+ T-cell subclusters among total CD8+ T cells within the different conditions (right). (D) t-

SNE map showing the FlowSOM-guided meta-clustering gated on NK cells from live CD45+, 

TCRβ- , NKp46+ cells (left), heatmap showing the median marker expression (value range: 0-1) 

for each defined population (middle), and frequencies of the three NK cell subclusters among 

total NK cells within the different conditions. (E) Median expression of selected cell markers 

shown for all intratumoral NK cells for each treatment. The experiment was performed once. 

Shown is the mean ± SEM. The Mann Whitney test was used to assess the statistical 

significance. *, p<0.05; **, p<0.01; ***, p<0.001 

 

Similarly, a detailed analysis of T cells and NK cells in tumor-draining lymph nodes was also 

performed based on t-SNE (displaying randomly cells from the 4 groups) in combination with 

FLowSOM meta-clustering [Figure 14, Suppl. Figure 4A-E]. The differences in the NK cell 

population were the most significant. We observed an increase in the frequency of NK cells 

in all treated groups compared with saline-treated mice [Figure 14A]. As expected, the 

majority of CD8+ and CD4+ T cells had a naïve phenotype [Figure 14B, Suppl. Figure 4C,D]. 

However, the percentage of CD8+ effector-memory T cells was higher in mice treated with F8-

IL2 (alone or in combination) although not significant [Figure 14B, Suppl. Figure 4C,D]. NK 

cells had an activated phenotype in mice treated with F8-IL2 (alone or in combination), as 

revealed by their CD11b+CD27+ status [Figure 14C, Suppl. Figure 4E] Treatment with F8-IL2 
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(alone or in combination) led to an increase in proliferation (Ki67 positivity) [Figure 14D, 

Suppl. Figure 4E]. By contrast, NK cells in the anti–CTLA-4 monotherapy and saline groups 

exhibited a similar phenotype [Figure 14C,D].  
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Figure 14: Multiparameter flow cytometric analysis of lymph node immune cell infiltrates. 

Single-cell suspensions from CT26 tumor draining lymph nodes  (PBS n=3, F8-IL2 n=4, CTLA-4 
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n=4, Combo n=4 draining lymph nodes per group) were stained with fluorochrome-conjugated 

antibodies. (A) t-SNE map showing the FlowSOM-guided meta-clustering and heatmap 

showing the median marker expression (value range: 0-1, black and white) for each defined 

population (left). Quantification (cell number) of TCRβ+ cell and heatmap showing the median 

marker expression in the different treated groups (right). Each color (left) represents a meta-

cluster and is associated with a different immune population. Gating was performed on live 

CD45+, TCRβ+ cells.(B) t-SNE map showing the FlowSOM-guided meta-clustering gated on 

CD8+ T cells from live CD45+, TCRβ+ cells (left), heatmap showing the median marker 

expression (value range: 0-1) for each defined population (middle) and frequencies of the four 

CD8+ T-cell subclusters among total CD8 T cells within the different conditions. (C) t-SNE map 

showing the FlowSOM-guided meta-clustering gated on NK cells (live CD45+, TCRβ-, NKp46+ 

cells, left), heatmap showing the median marker expression for each defined population 

(middle, black and white), and frequencies of the four NK cell subclusters among total NK cells 

within the different conditions (bottom). (D) Median expression of selected cell markers shown 

for all NK cells for each treatment. (E) Splenocytes (PBS n=3, F8-IL2 n=4, CTLA-4 n=4, Combo 

n=4 spleen per group) from mice bearing CT26 tumors were stained with fluorochrome-

conjugated antibodies. Median expression of selected cell markers is shown for all NK cells for 

each treatment. The experiment was performed once. Shown is the mean ± SEM. The Mann 

Whitney test was used to determine the statistics. *, p<0.05; **, p<0.01; ***, p<0.001 

 

For the splenocytes, we observed similar results to what was detected in the lymph nodes 

[Figure 14E, Suppl. Figure 4F,G]. Mice treated with F8-IL2 (alone or in combination) showed 

increased Ki67, CD11b, and KLRG1 staining of NK cells, whereas the NK cells in the PBS- and 

CTLA-4–treated mice behaved similarly [Figure 14E]. 

 

We also performed a multiparameter flow-cytometric characterization of leukocytes present 

in tumors and draining lymph nodes of MC38 bearing mice [Suppl. Figure 5A-D, Suppl. Figure 

6A-D]. Because the combination was very effective and almost led to a total regression in 

MC38 tumors, we could obtain only a few tumors for the flow-cytometric analysis. An 

increase of granzyme B (GZMB+) and Ki67 staining within the CD8+ T and NK cell population 

was observed after F8-IL2 treatment in the tumors and draining lymph nodes [Suppl. Figure 

5B-D, Suppl. Figure 6C,D]. We observed a similar high frequency of GZMB+CD8+ T and GZMB+ 
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NK cells in the tumors of the combination group compared to F8-IL2 alone, but a decrease in 

the Treg frequency [Suppl. Figure 5A-D]. In the draining lymph nodes, the frequency of Tregs 

was the highest when the mice were treated with F8-IL2 in combination with CTLA-4 blockade 

[Suppl. Figure 6B]. Leukocytes present in the neoplastic masses and lymph nodes after CTLA-

4 blockade displayed a phenotype similar to the one of leukocytes from saline-treated mice 

[Suppl. Figure 5A-D, Suppl. Figure 6A-D].  

 

Single-cell analysis of the leukocyte composition within the tumors and secondary lymphoid 

organs among the treatment groups suggested that alterations in the CD8+ and CD4+ T- and 

NK cell frequencies and phenotypes may influence the therapeutic outcome. To determine 

the relevant therapeutic cellular target, we depleted either CD4+, CD8+, or NK cells during 

therapy in CT26 colon carcinoma bearing mice. The in vivo depletion of either NK or CD8+ T 

cells completely abolished the therapeutic activity of F8-IL2 in combination with CTLA-4 

blockade (CR in both groups 0/5) [Figure 15]. CD4+ T-cell depletion before (CR 3/5) or after 

(CR 2/5) tumor implantation only had a minor influence on the therapeutic result. 

 

 
Figure 15: In vivo depletion study. CT26 colon carcinoma bearing mice received a total of 

three injections of 45 g F8-IL2 followed by 200 g anti–CTLA-4 24 hours later. Depletion 

antibodies were injected intraperitoneally on days -1, 2, 5, 8, or 11 (black arrowheads). CD8+ 

T cell–depleted mice (250 g  are depicted in brown triangles, NK cell–depleted mice in blue 

squares, and CD4+ T cell–depleted in purple circles. A group in which CD4+ T cells were depleted 

before tumor implantation is shown in red circles. A saline-treated, undepleted negative 

control was included (black circles), as well as an undepleted positive control group that 

received F8-IL2 and anti CTLA-4 inhibitor (pink x). Black arrows indicate the day of injection of 
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the therapeutic agents. Data represent mean tumor volume ± SEM. n = 5 mice per group (for 

NK cell depleted group, n = 4 from day 17 as indicated by a blue star due to the termination 

criteria). A regular two-way ANOVA test with the Bonferroni post-test was performed to 

determine the statistical significance between the groups (ns, non-significant p>0.05, *, 

p<0.05, **, p<0.01; ****, p<0.0001) 
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4.2. Development of a novel fully-human anti-CD123 antibody to target acute 
myeloid leukemia 

 
This chapter has recently been submitted for publication: 

Hutmacher et al., Development of a novel fully-human anti-CD123 antibody to target acute 

myeloid leukemia, submitted 

 
4.2.1. Generation, affinity maturation and reformatting of fully-human antibodies 

against CD123 

A fusion protein consisting of the extracellular domains of human CD123 (NTD, ED2 and ED3) 

and a human Fragment crystallizable (Fc) tag (CD123-Fc) was cloned, expressed in mammalian 

cells and purified to homogeneity [Figure 16A]. The protein was glycosylated and migrated as 

a disulfide-linked homodimer in SDS-PAGE analysis performed in non-reducing conditions, 

while a monomeric band of the expected size was visible in reducing conditions [Figure 16A]. 

Size-exclusion chromatography analysis confirmed that CD123-Fc was eluted at a volume 

consistent with a disulfide-linked structure [Figure 16A].  
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Figure 16: Generation and expression of fully-human antibodies against CD123. (A) CD123 

is composed of three extracellular domains: the N-terminal domain (NTD) and extracellular 

domains 2 and 3 (ED2 and ED3). ED3 is followed by a transmembrane domain and an 

intracellular domain (ID). CSL362 and H9 bind to different epitopes on NTD. The extracellular 
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domains of CD123 were fused to a Fc tag, expressed in mammalian cells and analyzed using 

SDS-PAGE and size exclusion chromatography. (B) Schematic illustration of the workflow to 

generate anti CD123 therapeutics. A large synthetic human antibody library was used to 

isolate anti-CD123 antibodies. The clone in scFv format with the best signal in the ELISA was 

selected and affinity matured to yield the scFv(H9). The VL and VH domains of H9 were used 

to generate a BiTE(H9/OKT3) and a full IgG (H9). Point mutations were inserted into the Fc 

domain to obtain ADCC potentiated mutants. (C) SDS-PAGE analysis under non-reducing (NR) 

and reducing (R) conditions and (D) size exclusion chromatography profile of BiTE(H9/OKT3), 

BiTE (CSL362/OKT3), IgG1(H9) and IgG1pot(H9). M= Marker. The SDS-PAGE analysis and size 

exclusion profile of IgG1(CSL362), IgG1pot(CSL362) and BiTE(CSL362/OKT3) can be found in 

Suppl. Figure 7. 

 

The fusion protein CD123-Fc was used to isolate a first low-affinity anti-CD123 antibody from 

a large synthetic human antibody library (ETH-2 Gold library) using established protocols 

[Figure 16B] [78,345]. In order to affinity-mature this clone, we generated and screened a 

phage display library of 6 million antibody variants, obtained by combinatorial mutagenesis 

of 6 residues in the CDR1 loop of the VH and VL domains, using previously described 

procedures [Figure 16B] [17]. The antibody clone (termed “H9”) which gave the strongest 

ELISA signal was further characterized and used for reformatting activities. The VL and VH 

domains of H9 were used to clone a BiTE(H9/OKT3) and a full IgG1(H9) [Figure 16B]. 

Moreover, two amino acid mutations (S239D and I332E) were introduced into the Fc region 

in order to enhance ADCC activity, as previously described for IgG1(CSL362) [326]. Similar 

IgG1 and BiTE products were generated for CSL362, starting from a synthetic gene of the 

antibody sequence [326,347]. The resulting proteins were expressed in mammalian cells and 

characterized using standard biochemical assays, such as SDS-PAGE analysis and size 

exclusion chromatography [Figure 16C and Suppl. Figure 7]. The complete amino acid 

sequence of these constructs can be found in Suppl. Figure 8. 
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4.2.2. In vitro characterization of anti-leukemic activity of H9- and CSL362-based 

therapeutics 

First, we generated a stable CD123 expressing CHO-S cell line, which was used to analyze the 

binding affinity of the antibody products. IgG1(H9) exhibited a large shift in FACS analysis, 

compared to an antibody of irrelevant specificity in this setting [IgG1(L19), an anti-EDB 

antibody[348]], which was used as negative control [Figure 17A]. Analysis of a titration series 

for the FACS experiment revealed that IgG1(CSL362) exhibited a high functional affinity (Kd
app 

=  20 pM), which was ~10-fold higher than the one of IgG1(H9) (Kd
app =  250 pM) [Figure 17B].  

Next, we analyzed the kinetic binding properties of the two antibodies in different formats. 

As expected, IgG1(CSL362) exhibited an extremely low kinetic dissociation profile from the 

antigen coated on a BIAcore microsensor chip, while a measurable kinetic dissociation profile 

was visible for IgG1(H9) [Figure 17C]. Similarly, BiTE(CSL362/OKT3), featuring a monovalent 

binding to the cognate CD123 antigen, displayed a flat dissociation profile from the antigen, 

while BiTE(H9/OKT3) exhibited a koff value of 2x10-3 s-1 [Figure 17D]. 
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Figure 17: Binding analysis. (A) Representative histogram display of IgG1(H9) (black shaded) 

and a negative control (neg. Ctrl.) antibody IgG1(L19) to visualize binding of CD123 on CD123+ 

CHO-S cells. (B) Dose titration of IgG1(CSL362), IgG1(H9), and a negative control IgG (neg. 

Ctrl.) IgG1(L19) to determine the binding affinity of the antibodies to CD123 expressing CHO-
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S cells. (C) and (D) Surface plasmon resonance analysis of IgG1(CSL362), IgG1pot(CSL362), 

IgG1(H9), IgG1pot(H9), BiTE(CSL362/OKT3), and BiTE(H9/OKT3) on a CD123-Fc coated CM-5 

chip.  

 

The binding site of CSL362 on the N-terminal domain of CD123 has previously been 

characterized by X-ray crystallography [349]. In order to identify the binding site of H9 on the 

surface of CD123, we used SPOT technology [350] and immunodetection of antibody binding 

events to peptides spanning the antigen sequence, synthesized on cellulose. Figure 18 shows 

that CSL362 and H9 recognize different epitopes, located on opposite faces of the N-terminal 

domain of CD123. 

 

Figure 18: Epitope mapping of antibody binding to the NTD of CD123. (A) Autoradiographic 

results of the SPOT analysis performed using the H9 antibody. Portions of the extracellular 

domain of CD123 were synthetized as a consecutive series of 15 amino acid-long peptides 

[listed in (B)], spanning the protein sequence with 3 residues shift each.(C) Three dimensional 

model of CD123, indicating both the binding sites of H9 (red) and of CSL362 (blue), was built 
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on the basis of the 4JZJ pdb file [349].The binding sites of IgG(H9) and of IgG(CSL362) both lie 

on the NTD domain. The epitope of H9 is centered around the I94-L95-F96 sequence, while the 

epitope of CSL362 is centered around E51, S59, and R84 [351]. 

We then tested the antibodies in conventional IgG1 format and in the corresponding ADCC-

potentiated version (IgG1pot) for their ability to mediate ADCC against a human AML cell line 

in vitro. In this assay, both ADCC-potentiated antibodies induced ~30% specific lysis of the 

OCI-AML3 cell line when used at 10 µg/ml, in keeping with previously published reports for 

CSL362 [326] [Figure 19A]. We repeated the ADCC assay using three different concentrations, 

confirming that IgG1pot(H9) was the product with the most potent ADCC activity [Figure 19B]. 

Similar experiments, performed using patient-derived AML blasts and purified allogeneic NK 

cells at an effector to target (E:T) ratio of 10:1, confirmed the ability of the two antibodies to 

selectively kill leukemic cells in vitro [Figure 19C]. Over 75% of CD45dim CD33+ AML blasts 

were efficiently depleted by 10 g/ml IgG1pot(CSL362) after 24 hours of co-culture with 

allogeneic NK cells [Figure 19D]. Interestingly, also CD45dimCD33+CD123low AML blasts were 

killed in this assay. 
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Figure 19: In vitro ADCC killing of human AML cell lines and of primary AML blast cells. (A) 

Percentage of specific lysis of OCI-AML3 cells 24 hours after co-culture with healthy donor 

PBMCs only or with PBMCs and 10 µg/ml of either anti-EDB IgG(L19), anti-CD123 IgG(CSL362), 

IgGpot(CSL362), IgG(H9) or IgGpot(H9) antibodies. The anti-EDB IgG1(L19) antibody was used 

as negative control. (B) The percentage live target cells (OCI-AML3 cells) after 24 hours of co-

culture with healthy donor PBMCs only or with PBMCs and with indicated concentrations of 

either IgG(L19), IgG(CSL362), IgGpot(CSL362), IgG(H9) or IgGpot(H9) antibodies. (C) Percentage 

specific lysis of CD45dim CD33+ AML blast cells after 24 hours of co-culture with purified healthy 

donor NK cells and either anti-EDB IgG(L19 IgGpot(CSL362) or IgGpot(H9) antibodies at the 

indicated concentrations. The effector to target ratio was set to 10:1. (D) Representative flow 

cytometry plots of CD45dim CD33+ AML blast cells incubated with healthy donor NK cells and 

different concentration of IgGpot(CSL362) after 24 hours. 

 
4.2.3. In vitro analysis of BiTE biocidal activity 

Figure 20A shows a FACS gating analysis of patient-derived AML blasts (left panel) prior to in 

vitro cytotoxicity assay and evaluation (right panel). Virtually all leukemic blasts exhibited 

CD123 cell surface expression in the CD45dim CD33+ cell population. We tested the anti-

leukemic activity of BiTE(H9/OKT3) and of BiTE(CSL362/OKT3) in an in vitro assay, using 



   
79 

patient’s derived AML blasts and autologous T cells as effectors. Using an E:T ratio of 10:1, we 

observed a concentration-dependent AML killing. BiTE(CSL362/OKT3), with an IC50 value of 4 

ng/ml (corresponding to 7.3 pM), was approximately 10-times more potent than 

BiTE(H9/OKT3) [Figure 20B,C].  

 

 

Figure 20: In vitro BiTE mediated depletion of primary AML blast cells. (A) Flow cytometry plot 

showing the percentage of CD45dim AML blast cells from a CD3/CD19 depleted AML patient 

bone marrow sample (left panel). Almost all CD45dim CD33+ AML blast cells (97.2%) were also 

positive for CD123 (right panel). (B) Specific lysis of CD123+ CD45dim CD33+ AML blast cells 

after 24 hours of co-culture with autologous T cells (E:T = 10:1), at the indicated 

concentrations of CSL/OKT3 or H9/OKT3 BiTEs. (C) Representative flow cytometry plots of 

patient-derived CD45dim CD33+ CD123+ AML blast cells after treatment with various 

concentrations of CSL/OKT3 BiTE with autologous T cells (E:T = 10:1). The arrow indicates the 

population of AML blasts that disappears as a result of the activity of the bispecific antibody. 
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5. Discussion 

5.1. F8-IL2 in combination with immune-check-point inhibitors 

This chapter has been adapted from 

Hutmacher and Nuñez et al., Targeted Delivery of IL2 to the Tumor Stroma Potentiates the 

Action of Immune Checkpoint Inhibitors by Preferential Activation of NK and CD8+ T Cells, 

Cancer Immunol Res (2019), In Press 

 
In this study, we explored the therapeutic potential of immune checkpoint inhibitors in 

combination with F8-IL2, a tumor-targeting antibody-IL2 fusion protein. The combination of 

F8-IL2 with CTLA-4 and PD-1 blockade was extremely potent in immunocompetent mice 

bearing subcutaneous CT26 tumors, whereas the combination with PD-L1 blockade was less 

efficacious. The results may depend, in part, on the choice of antibodies that were used for 

the study. We based our investigations (i.e., antibody clone and dose) on a previous report 

by MedImmune, which extensively explored the performance and mechanism of action of 

9D9 anti–CTLA-4 and 10F.9G2 anti–PD-L1 in various immunocompetent mouse models of 

cancer [338].  

 

Recombinant IL2 has been studied in clinical trials in combination with ipilimumab for the 

treatment of metastatic melanoma with encouraging results (clinicaltrial.gov identifier: 

NCT00058279, NCT01856023) [352,353]. NKTR-214 (a pro-drug version of IL2, that regains 

activity over time upon loss of polyethyleneglycol chains) [237] has shown promising 

preclinical and clinical results in combination with immune checkpoint inhibitors, thus, 

stimulating additional investigations with engineered forms of IL2. In this context, antibody-

IL2 fusion proteins may be particularly attractive, as a selective localization of the cytokine 

payload at the site of disease leads to a considerable increase in therapeutic index in 

immunocompetent animals [92,94,101]. IL2-based products may be ideally suited for 

combination with immune checkpoint inhibitors because IL2 can increase the activity not only 

of T cells, but also of NK cells. 

 

All mice treated with a combination of F8-IL2 and CTLA-4 blockade exhibited a complete 

tumor remission and rejected subsequent challenges with CT26 tumors. A multiparameter 
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FACS analysis of leukocytes in tumors, draining lymph nodes, and spleen provided insights on 

the relative contribution of individual therapeutic agents. The most significant effect of F8-

IL2 (alone or in combination) was on the intratumoral density of NK cells. These leukocytes 

displayed an activated and more immature phenotype, as revealed by their low KLRG1, 

Eomes, and CD11b expression. CTLA-4 blockade (alone or in combination) was associated 

with a characteristic increase of CD8+ T cells in the tumor mass. These lymphocytes were PD1+ 

and TIM-3+ (revealing an exhausted phenotype), but also stained for Ki67 (indicating a 

proliferative potential). In the CD4+ T-cell population, CTLA-4 blockade (alone or in 

combination) led to PD-1 upregulation. Most probably, a fine balance between activation and 

inhibition signals determines the antitumor activity of these lymphocytes. The features of 

lymphocytes in secondary lymphoid organs were substantially different compared to tumor-

infiltrating lymphocytes (TILs), in keeping with recent reports published with other 

therapeutic modalities [342,354]. In line with the targeting result, the most significant effects 

of F8-IL2 on the leukocytes were seen in the TILs rather than the draining lymph nodes and 

spleen. 

 

Single-cell analysis of the leukocyte composition within the tumor and secondary lymphoid 

organs between the treatment groups suggested that changes in the CD4+ and CD8+ T- and 

NK cell frequencies and phenotypes may influence the therapeutic outcome. The initial tumor 

regression was caused by both CD8+ T cells and NK cells, as evidenced by leukocyte depletion 

experiments. CD4+ T cells did not play a crucial role. Similar findings, showing an absolute 

requirement for CD8+ T-cell and NK cell activity have previously been reported for other 

antibody-cytokine fusions (including products based on IL12, IL4, TNF, IL15, GM-CSF) in 

various immunocompetent mouse models of cancer [93,101,172,227,343]. 

 

CT26 carcinomas have often been considered to be immunologically “hot tumors”, whereas 

other models (such as 4T1, B16F10, LL/2, and MC38) are characterized by a sparse T-cell 

infiltration and, thus, associated with a “cold” phenotype [338]. The combination treatment 

with F8-IL2 and a checkpoint inhibitor against CTLA-4 was  also efficacious in the MC38 model, 

whereas the individual agents displayed little activity when used in monotherapy. The 

combination treatment was associated with a rich leukocyte infiltrate in the tumor, with 

enhanced functional properties (e.g., cytolytic activity, as revealed by GZMB staining). 
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IL2-based therapeutics are complicated in cancer therapy because the antineoplastic activity 

could, in principle, be potentially mitigated by the potentiation of Treg activity [98]. Indeed, 

recombinant human IL2 at ultra-low dose has shown encouraging effects for the treatment 

of host-versus-graft disease [279]. The therapeutic activity of IL2 is likely to be context- and 

dose-dependent. In our setting, thanks to the antibody-based delivery to the tumor, the 

density of Tregs did not substantially vary between the treatment group in the CT26 colon 

carcinoma model. Similar observations have been reported in the bone marrow of patients 

with acute myeloid leukemia, treated with the F16-IL2 fusion protein directed against the 

alternatively-spliced A1 domain of tenascin-C [257]. 

We found that the treatment with the anti-CTLA-4 did not lead to the depletion of 

intratumoral Treg cells in the CT26 colon carcinoma model.  Most probably, this is caused by 

the tumor model itself and the antibody that was chosen. Sergio Quezada and colleagues had 

previously shown that other anti-CTLA-4 antibodies (e.g., 9H10, IgG1SDALIE a mutated antibody 

with high binding affinity to CD16a) may be more effective than 4F10 and 9D9 in eradicating 

Tregs via an antibody-dependent cell-cytotoxicity mechanism [355,356]. In general, IgG2a 

isotypes in the mouse are thought to be better depleting antibodies than IgG2b isotypes (such 

as 9D9)[357]. Low levels of intratumoral antigen-presenting cells displaying cytotoxic Fc 

receptors may contribute to the poor depletion activity observed. We chose to use the 9D9 

clone for our study because the impact of this antibody in many immunocompetent mouse 

models of cancer has been described in detail [338].  

 

Immune checkpoint inhibitors have become foundational drugs for cancer therapy [236]. In 

the clinic, PD-1 blockade appears to be more active and better tolerated than CTLA-4 

blockade, possibly because approved products (nivolumab, pembrolizumab) may interfere 

with the negative regulation of T cells at the site of disease, rather than in secondary lymphoid 

organs [358]. In the mouse, however, CTLA-4 blockade has often shown more potent anti-

cancer activity compared to PD-1 and PD-L1 blockers [178,338,359]. 

 

Various antibody-IL2 fusions are currently being investigated in clinical trials [360]. In addition 

to F8-IL2, we contributed to the development of L19-IL2 [72,94,179]. Although the F8 

antibody recognizes the alternatively-spliced EDA domain of fibronectin, L19 is specific to the 
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EDB domain of fibronectin [348]. L19-IL2 has been used for the treatment of patients with 

various types of malignancies both as monotherapy [250,361] and in combination with other 

modalities [234]. The product is currently being studied in Phase III clinical trials in 

combination with L19-TNF for the treatment of patients with fully resectable stage IIIB,C 

melanoma (clinicaltrial.gov identifier NCT02938299) [234]. Other companies have preferred 

to use IL2 fusions based on antibodies in full IgG format [241,246,248], sometimes with 

mutations on the IL2 moiety that reduce the affinity to the CD25 receptor [112].  

 

The results of our study provide a rationale for the combined use of engineered IL2 

therapeutics with immune checkpoint inhibitors for cancer therapy. The emerging notion that 

tumors, which do not respond to immune checkpoint inhibitors, still contain a large number 

of tumor-rejection antigens (e.g., neoepitopes) and of cognate T cells [362,363] provides a 

motivation to expand and stimulate these T-cell populations with experimental therapeutics. 
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6.1. Development of a novel fully-human anti-CD123 antibody to target 

acute myeloid leukemia 

This chapter has recently been submitted for publication: 

Hutmacher et al., Development of a novel fully-human anti-CD123 antibody to target acute 

myeloid leukemia, submitted 

 
We have reported the generation of a novel fully-human anti-CD123 antibody (named H9) 

and we have compared its properties to the ones of a previously described clinical-stage 

antibody (named CSL362). The two antibodies recognized different epitopes on the same 

domain of CD123, allowing an initial comparison of anti-cancer activity for different types of 

therapeutic products. CD123 has been considered for many years as a target for antibody-

based anti-AML approaches [315] and its differential expression on AML cell, compared to 

normal leukocytes and hematopoietic stem cells, has been studied by FACS [364] and by 

surface proteomics methodologies [365,366]. 

 

The use of Fc-engineered antibodies in IgG1 format led to the best anti-AML activity results 

in in vitro ADCC assays. The simultaneous substitution of two amino acid residues in the CH2 

domain of the heavy chain (S293D and I332E) led to a potentiation of ADCC activity. These 

mutations have previously been shown to increase Fc binding to human V158 and F158 

FcRIIIa receptors of several antibodies such as trastuzumab, rituximab and cetuximab [347]. 

Other antibodies harboring the S293D-I332E amino acid modifications have previously 

displayed a substantial improvement of ADCC activity in vitro compared to their native IgG 

molecules. MOR208, an anti-CD19 antibody, carries the same amino acid mutations and is 

currently tested in clinical studies in Non-Hodgkin lymphoma, large B cell lymphoma, chronic 

lymphocytic leukemia and adult acute lymphoblastic leukemia (clinicaltrials.gov identifier: 

NCT02763319, NCT01161511, NCT01685021, NCT01685008, NCT02639910, NCT02399085, 

NCT02005289) [367].  

 

It is likely that the therapeutic activity of Fc-potentiated anti-CD123 products may be 

enhanced by combination with certain antibody-cytokine fusions. We have previously 

reported that rituximab completely eradicated human B-cell lymphoma xenografts in 



   
85 

combination with the tumor targeting immunocytokine L19-IL2 [72]. Additionally, we have 

shown that the antibody-based delivery of interleukin-2 (IL-2) to the tumor neovasculature 

potently increased the activity of the chemotherapeutic cytarabine [101]. Scientists at Roche 

have used glycoengineering to improve ADCC activity and reported the successful generation 

of an anti-CD20 antibody (Obinutuzumab) [368]. The anti-CD20 antibody was 

glycoengineered which improved ADCC activity substantially. A clinical trial, featuring the 

combination of the F16-IL2 fusion protein [116] with an Fc-engineered anti-CD33 antibody in 

patients with AML is currently on-going (clinicaltrials.gov identifier: NCT03207191). 

 

The anti-CD123 antibodies exhibited promising results also when reformatted as bispecific 

antibodies. BiTE(CSL362/OKT3) was superior to BiTE(H9/OKT3) for the in vitro killing of 

patient-derived AML blasts in an autologous setting, but both products were able to kill AML 

cell lines at concentrations in the picomolar range. There have been recent research reports 

on the fact that epitopes closer to the cell membrane may lead to more efficient tumor cell 

killing with bispecific antibodies [369]. In this context, it may be attractive in the future to 

study novel antibody therapeutics, which recognize epitopes on CD123 which are closer to 

the lipid bilayer. 

 

In summary, we have generated novel anti-CD123 antibodies and biopharmaceuticals, which 

have shown initial signs of activity in in vitro models of AML. IgG1pot(H9) may be the most 

promising product for ADCC applications, while BiTE(CSL362/OKT3) would be a good 

candidate for bispecific antibody-based therapeutic purposes. More than 15 formats have 

been described for the engineering of bispecific antibodies [370]. While the only bispecific 

antibody on the market (Blinatumomab, approved for patients with B-cell precursor acute 

lymphoblastic leukemia) is in BiTE format, it is still not clear whether biopharmaceuticals with 

a longer circulatory half-life may be preferable. In all cases, the antibodies described in this 

article may represent useful tools for the implementation of novel anti-AML strategies. We 

do not know, at this moment in time, whether selective tumor cell killing can be achieved 

while sparing hematopoietic stem cells. 
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7. Conclusions and outlook 
 
There is a considerable interest in modern cancer research in making “cold tumors hot”, so 

that the full therapeutic potential of immune check-point inhibitors can be harnessed. This 

thesis describes how the selective antibody-mediated targeted delivery of interleukin-2 to the 

tumor stroma potentiates the anti-cancer activity of immune check-point inhibitors in 

preclinical models of cancer. The targeted delivery of IL2 (e.g., by means of F8-IL2) mediated 

a very strong anti-cancer effect in the mouse, with excellent tolerability. The combination 

with CTLA-4 blockade and PD-1 blockade was particularly active (leading to cancer cures), 

while a lower activity was observed in combination with anti-PD-L1 antibodies. Detailed 

mechanistic investigations, based on a high-parametric single cell analysis of leukocytes 

within the tumor masses and in secondary lymphoid organs, revealed that the selective 

delivery of IL2 to the tumor resulted in profound changes in T cell and NK cell features in the 

tumor bed, without collateral immune activation in the systemic immune compartment. 

Moreover, depletion of NK cells and cytotoxic T lymphocytes completely abolished the clinical 

efficacy providing the mechanistic insights into the therapeutic effect of this combination 

therapy. Furthermore, cured mice were able to reject subsequent tumors, which is indicative 

for the acquisition of a protective immunity.  

 

Our group has recently published mechanistic studies in mice in which cytotoxic CD8+ T cell 

specific for a common endogenous retroviral antigen AH1 (derived from the gp70 envelope 

protein of the murine leukemia virus) were upregulated upon treatment with F8-TNF and 

doxorubicin [102]. Such retroviral sequences have been found in the genome of all vertebrate 

species and their expression has been associated with autoimmune diseases and chronic 

infection [272–274] as well as with cancer [275,276]. Furthermore, cytolytic CD8+ T cells 

specific for retroviral antigens, which potently lysed melanoma cells, have already been 

detected in patients [277]. Our group has shown, that as much as 50% of CD8+ T cells in 

tumors implanted in BALB/c mice are specific to the AH1 peptide of retroviral origin (which 

acts as immunodominant tumor rejection antigen), while the frequency of AH1-specific T cells 

is much lower in secondary lymphoid organs, including tumor-draining lymph nodes [371]. It 

will be important to study if and to which extent such specific cytotoxic CD8+ T cells against 

retroviral antigens are upregulated after treatment with check-point inhibitors, F8-IL2 and 
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the combination. Researchers at Brystol-Myers Squibb have shown that AH1-specific CD8+ T 

cells were expanded in the spleens of CT26 tumor bearing mice upon treatment with a 

combination of PD-1 and CTLA-4 antibodies [342]. These AH1 specific CD8+ T cells increased 

from 1 % to approximately 15.6 % [342]. Within the tumors, the frequency of AH1 specific 

CD8+ T cells did not vary substantially between the treatment groups and the control [342]. 

These lymphocytes represented about 15 % of total tumor infiltrating leukocyte [342]. Our 

group has shown that treatment with the F8-TNF immunocytokine was able to expand the 

AH1 specific intratumoral CD8+ T cells from 29 to 40 %. It will be interesting to study if this 

could also be achieved after the administration of F8-IL2. If specific CD8+ T cells against 

retroviral antigens can be detected in mouse models using F8-IL2 alone or in combination 

with check-point inhibitors, it would be important to learn whether such T cells could also be 

increased in humans. The detailed multiparametric analysis of leukocytes within the tumor 

mass in different treatment groups may serve as a reference for future therapeutic studies, 

which may employ IL2-based therapeutics or immune checkpoint inhibitors, perhaps in 

combination with other agents. 

 

The work of this thesis may have translational value, as immune check-point inhibitors 

represent foundational drugs for modern cancer therapy and since a growing number of 

engineered IL2 products is being investigated in clinical trials. Our results provide a rationale 

for the evaluation of IL-2 based products in combination with check-point inhibitors in 

humans. 

 

 

The second part of this thesis describes the generation and in vitro characterization of novel 

human antibodies against CD123, a surface marker which is overexpressed in a variety of 

hematological disorders including acute myeloid leukemia. Current treatment options for 

AML patients are suboptimal, especially for young patients who do not benefit from allo-HSCT 

or for the elderly, not eligible for intensive chemotherapy and allo-HSCT. Thus, there is a need 

to provide them with better and safer treatment strategies. Novel immunotherapeutic 

strategies for AML include the use of intact immunoglobulins, ADCs, CAR-Ts, and bispecifc T-

cell engagers. The most challenging aspect of treating AML is associated to the fact that all 

known target antigens (such as CD33, CD123, or cKIT) are not only expressed on leukemic 
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stem cells, but also on normal stem cells. For the different immunotherapeutics mentioned 

above, this limitation may have more or less serious consequences. In particular, the use of 

CAR-Ts for the treatment of AML appears to be problematic, because of high risks of 

myeloablation. At the moment, it is extremely difficult to switch CAR-T cells off. This problem 

aggravates the use of CAR-T cells in AML, because whenever new stem cells are transplanted 

(which are vital), they get killed by the long-lived CAR-Ts. Promising preclinical and clinical 

results have been achieved with ADCs, as illustrated by Mylotarg, the first ADC to receive 

marketing authorization. Seattle Genetics has developed an ADC that targets CD123 (SGN-

CD123A)[372]. It was the first anti CD123 based ADC to start clinical investigation, but phase 

I clinical trials have already been stopped due to patients death (clinicaltrial.gov identifier: 

NCT02848248).  

 

In this thesis, we have developed a new fully-human antibody IgG1(H9) by means of phage 

display technology that specifically recognized the cognate antigen in standard biochemical 

assays. The antibody has been affinity matured and engineered for enhanced antibody 

dependent cellular cytotoxicity IgG1(H9)pot. IgG1(H9)pot was benchmarked against a 

previously described anti-CD123 antibody (CSL362) that was the first anti-CD123 antibody to 

be tested in humans. IgG1(H9) exhibited an approximately 10-fold lower functional affinity 

than IgG1(CSL362)(Kd
app = 250 pM versus Kd

app =  20 pM). The two antibodies recognized 

different epitopes on the N-terminal domains of CD123. IgG1(H9)pot was slightly more potent 

than IgG1(CSL362)pot in vitro ADCC assays using cell lines. Moreover, both antibodies were 

able to selectively kill patients’ blasts in vitro. At this stage, however, it is unclear whether in 

vivo selective tumor cell killing can be achieved while sparing hematopoietic stem cells. A next 

experimental step in mice could be to test the in vivo targeting performance of the antibody 

by a quantitative biodistribution study in mice bearing subcutaneous AML xenografts. The 

efficacy of the new product should also be tested in acute myeloid leukaemia xenografts. AML 

xenograft cells can be injected intravenously into severe combined immunodeficiency mice 

and allowed to engraft. After successful engraftment, the antibody can be administered and 

the levels of human AML cells monitored by means of flow cytometry of peripheral blood. 

Another interesting experiment would be to perform a thorough characterization of CD123 

expression in healthy tissue and AML specimens (e.g., diseased bone marrow and chloroma 

lesions). A first insight into protein expression is given by Human Protein Atlas 
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(www.proteinatlas.org). For most cancers and organs, the Atlas shows a moderate 

intracellular staining for CD123 with additional membrane positivity. This feature may 

represent an antibody-related staining artefact and may therefore be misleading. Obviously, 

any intracellular CD123 molecule would not be accessible to an intravenously administered 

antibody product.  

 

The anti-CD123 antibodies were reformatted as bispecific antibodies (BiTE(CSL362/OKT3), 

BiTE(H9/OKT3)) and yielded promising in vitro results. Both antibodies induced the selective 

killing of patient-derived AML blasts in the picomolar range, although BiTE(CSL362/OKT3) was 

10-fold more potent. BiTEs are attractive biopharmaceuticals which can recruit effector cells 

to the side of disease and induce tumor cell killing. They do not have an Fc portion, thus 

potentially decreasing “off-target” toxicity. In general, however, BiTEs have a short half-life 

and the monovalent binding of the target antigen may result in poor targeting results. 

Strategies to prolong the half-life include those based on an increase of the hydrodynamic 

radius (e.g., by PEGylation or PASylation or the use of recombinant polypeptides) or the use 

of fusion proteins which bind to and are recycled by the neonatal Fc receptor (e.g., Fc or 

albumin tags)[373–375]. BiTEs with low affinity for one of the target antigen, such as 

BiTE(H9/OKT3), can also be reformatted into formats that consist of a single chain diabody 

(scDb; e.g. against CD123) fused to the anti-CD3 scFv. Ideally, the tumor-targeting 

performance and the activity of the BiTEs should be tested in animal models. This is usually 

difficult to implement for hematological malignancies, as target antigens are typically not 

conserved from mice to humans. To test a BiTE, human tumors are normally implanted in 

immunocompromised mice followed by the administration of human hematopoietic stem 

cells. This is a very artificial setting and a complicated procedure. Alternatively, one could 

consider the use of mice which are transgenic for the human  chain of the CD3 complex and 

a mouse tumor cell line that is stably transfected with the human tumor antigen. This 

approach has been successfully implemented by scientists at Regeneron. 

 

It remains to be investigated, which leukemia antigen is the best candidate for 

biopharmaceuticals and which strategy gives the best results. It could be, that the 

simultaneous targeting of two antigens (e.g., CD33 and CD123) by the DuoBody technology 

(GenMab) or a Tribody yields the best therapeutic index. 

http://www.proteinatlas.org/
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In summary, the results of this thesis support the use of IL-2 based products in combination 

with check-point inhibitors in the clinics and provide novel fully-human antibodies for the 

future treatment and AML research.  
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8. Materials and methods 

8.1. F8-IL2 in combination with immune-check-point inhibitors 

This chapter has been adapted from 

Hutmacher and Nuñez et al., Targeted Delivery of IL2 to the Tumor Stroma Potentiates the 

Action of Immune Checkpoint Inhibitors by Preferential Activation of NK and CD8+ T Cells, 

Cancer Immunol Res (2019), In Press 

 

8.1.1. Cell lines, animals, and tumor models 

The CT26 colon carcinoma (CRL-2638), the F9 teratocarcinoma (CRL-170), and the CTLL-2 (TIB-

214) cell lines were obtained from ATCC, expanded, and stored as cryopreserved aliquots in 

liquid nitrogen. The MC38 cell line was a kind gift of Prof. Onur Boyman. Cells were grown 

according to the supplier’s protocol and kept in culture for no longer than 2 weeks. The CT26 

colon carcinoma cells were expanded and cultured in RPMI1640 (Gibco) supplemented with 

10 % fetal bovine serum (Gibco, 10 % FBS), the F9 teratocarinoma cell line in DMEM (Gibco) 

containing 10 % FBS. The MC38 cell line was grown in advanced DMEM (Gibco) with 10 % FBS 

and 1 % Ultraglutamine (Lonza). CTLL2 cells were cultivated in RPMI1640 (Gibco) 

supplemented with 10% FBS, 1 % Ultraglutamine, 25 mM Hepes (Gibco), 0.05 mM -

Mercaptoethanol (Sigma Aldrich) and 60 Units/ mL human Interleukin-2 (Roche Diagnostics). 

Authentication of the cell line included check of post-freeze viability, growth properties, 

morphology, test for mycoplasma contamination, isoenzyme assay, and sterility testing and 

were performed by the cell bank before shipment.  Seven- to eight-week-old female BALB/c 

mice were purchased from Charles River (Germany). Eight-week-old female 129/Sv and 

C57BL/6JRj mice were purchased from Janvier (France). On the day of tumor cell injection, 

exponentially growing F9 teratocarinoma, CT26 colon carcinoma or MC38 cells were 

harvested, repeatedly washed, and resuspended in saline prior to injection. CT26 colon 

carcinoma cells (2x 106 cells per mouse, using BALB/c mice), MC38 cells (1x106 cells per 

mouse, using C57BL/6JRj) or F9 teratocarinoma cells (12x107 cells per mouse, using 129/Sv 

mice) were implanted subcutaneously in the right flank. Mice were monitored daily and 

tumor volume was measured with a caliper. Tumor volume was calculated as follows: (length 

[mm] x width [mm] x width [mm])/2. Animals were euthanized when tumor volumes reached 

a maximum of 2000 mm3, weight loss exceeded 15 %,  tumors were ulcerated or 24 hours 
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after the last injection for the biodistribution and the multiplex flow cytometry analysis (on 

day 13 after tumor cell injection). Tumors, draining lymph nodes and spleen were harvested 

for flow cytometry analysis. To assess the biodistribution of the fusion protein, tumor, liver, 

lung, spleen, heart, kidney, intestine and blood was collected. 

All experiments were performed under a project license granted by the Veterinäramt des 

Kanton Zürichs, Switzerland (27/2015) in agreement with Swiss regulations. Animals were 

maintained in pathogen-free facilities at the Swiss Federal Institute of Technology (ETH 

Zurich) and procedures were approved by the ETH Zurich Institutional Animal Care and Use 

Committee. 

 

8.1.2. Antibodies for therapy experiments 

The F8-IL2 immunocytokine was produced as previously described [115]. In brief, a stable 

CHO-S cell line (Invitrogen) was incubated for 6 days in a shaking incubator at 31°C. F8-IL2 

was purified from the culture medium by a protein A affinity column (Protein A agarose beads, 

Sino Biologicals Inc.). The commercial anti–PD-1 (clone 29F.1A12), anti–PD-L1 (clone 

10F.9G2), anti–CTLA-4 (clone 9D9) were purchased from BioXCell. The products had 

previously been extensively studied in immunocompetent models of cancer [338,359]. Rat 

anti-CD4 (clone GK1.5, BioXCell), rat anti-CD8 (clone YTS169.4, BioXCell) and rabbit anti-Asialo 

GM1 (Wako Chemicals) antibodies were used for in vivo depletion, as described below.  

 

8.1.3. In vitro characterization of F8-IL2 

F8-IL2 was analyzed using SDS-PAGE in non-reducing and reducing conditions, size exclusion 

chromatography (Superdex 200 Increase, 10/300 GL, GE Healthcare), and surface plasmon 

resonance analysis (BIAcore S200, GE Healthcare) on an EDA antigen-coated CM5 BIAcore 

sensor chip (GE Healthcare). The biological activity of F8-IL2 and IL2 (Proleukin, Roche) was 

determined as described before [115]. Briefly, 10x106cultured CTLL-2 cells were starved in 

CTLL2 culture medium (RPMI1640 (Gibco) supplemented with 10% FBS, 1 % Ultraglutamine, 

25 mM Hepes (Gibco), 0.05 mM -Mercaptoethanol (Sigma Aldrich)) without IL2 for 24 hours. 

Starved CTLL-2 cells (2x 104/ well) were seeded in 96-well plates in CTLL2 culture medium 

containing varying concentrations (5x10-12 – 10-9 M IL2 equivalents) of IL2 equivalents (F8-IL2 

or as positive control purchased human IL2 (Roche Diagnostics) in triplicates. After 48 hours 
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at 37°C, cell proliferation was determined with the Cell Titer 96® Aqueous One Solution 

(Promega) according to the manufacturer’s instructions by measuring the OD at 490 nm and 

620 nm. Percent proliferation was calculated as follows: % proliferation = (OD490-620
treated-

OD490-620
medium)/(OD490-620

untreated-OD490-620
medium) x 100 %. 

 

8.1.4. Quantitative biodistribution study 

Quantitative biodistribution was used to assess the in vivo targeting performance of F8-IL2 (n 

= 4) as described previously [335]. Purified F8-IL2 was radiolabeled with iodine 125 (Perkin 

Elmer) using the Iodogen method. Immunocompetent 129/Sv mice (n = 3) were injected with 

12x 107 F9 teratocarcinoma cells subcutaneously into the right flank. Mice were monitored 

daily, and tumor volume was measured with a caliper. Tumor volume was calculated as 

follows: (length [mm] x width [mm] x width [mm])/2. When the tumors reach approx. 350 

mm3, 0.86 g of radio-iodinated F8-IL2 was injected intravenously into the lateral tail veins. 

After 24 hours, mice were sacrificed, tumor, liver, lung, spleen, heart, kidney, intestine and 

blood collected, weighed, and the radioactivity was counted using a Cobra  counter (Packard, 

Meriden, CT, USA). The radioactivity of tumors and organs was expressed as percentage of 

injected dose per gram of tissue (% ID/ g ± SD). 

 

8.1.5. Therapy study and in vivo depletion of NK cells and CD4+ and CD8+ T cells 

On the day of tumor cell injection, exponentially growing CT26 colon carcinoma or MC38 cells 

were harvested, repeatedly washed, and resuspended in saline prior to injection. CT26 colon 

carcinoma cells were implanted subcutaneously in the right flank of BALB/c mice using 2x 106 

cells per mouse. MC38 cells were implanted subcutaneously in the right flank of C57BL/6JRj 

mice using 1x 106 cells per mouse. Mice were monitored daily and tumor volume was 

measured with a caliper. Tumor volume was calculated as described before. When tumors 

reached a suitable volume (approx. 80 mm3), mice were randomly divided into different 

treatment groups and injected into the lateral tail vein.  Mice received three injections of 30 

or 45 g F8-IL2 or 200 g of a checkpoint inhibitor (anti–PD-1, anti–PD-L1, or anti-CTLA-4), 

phosphate-buffered saline, or the combination of F8-IL2 and a checkpoint inhibitor at 

intervals of 72 hours. In the combination group, mice received F8-IL2 followed by a checkpoint 

inhibitor after 24 hours. For the in vivo depletion of NK, CD4+, and CD8+ cells, CT26 colon 

carcinoma-bearing mice (n= 5 per group) were repeatedly injected intraperitoneally with 30 
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L anti-Asialo GM1 (day 2, 5, and 8 after tumor implantation), 250 g anti-CD4 or 250 g anti-

CD8 antibodies (day 2, 5, 8 and 11 after tumor implantation). An additional group (n = 5) was 

injected with an anti-CD4 on day -1, 2, 4, and 8 after tumor injection. A saline group (n = 5) 

and a treatment group (n = 5) without depletion were included as controls. Animals were 

euthanized when tumors reached a maximum of 2000 mm3. Flow cytometry of the spleen 

was used to verify the successful depletion of the specific leukocyte population.  

 

8.1.6. Tumor re-challenge 

Mice that cleared tumors were injected subcutaneously with 2x 106 CT26 colon carcinoma or 

1x 106 MC38 cells on day 62 and day 60, respectively, after the first injection of tumor cells. 

As controls, naïve BALB/c mice (n = 5) and naïve C57BL/6JRj (n= 6) were injected with the 

same tumor cells to monitor tumor growth and cell viability after injection. 

 

8.1.7. Immunohistochemical analysis of EDA expression in CT26 and MC38 

tumors 

CT26 and MC38 tumors were excised and immediately embedded in frozen section medium 

(Thermo Scientific). Staining was performed on 10 mm cryosections fixed in ice-cold acetone. 

Primary antibodies in small immunoprotein format (F8 and KSF, kindly provided by Dr. Rémy 

Gebleux) were detected with a rabbit anti-human IgE (1:1000, Dako Agilent) and in a second 

step with Alexa Fluor 488–coupled anti-rabbit (1: 200, Invitrogen). An anti-CD31 (1:100, MEC 

13.3, BD Biosciences) was detected with an Alexa Fluor 594–coupled anti-rat antibody (1:200, 

Invitrogen). Sections were counterstained with DAPI (SigmaAldrich) and mounted with 

fluorescent mounting medium (Dako Agilent). Slides were then analyzed with an Axioskop2 

mot plus microscope (with a 20x/0.5 objective lense, Zeiss) and documented with an AxioCam 

color camera (Zeiss), using the AxioVision software (4.7.2. Release, Zeiss).  

 

8.1.8. Flow cytometry 

For a multiparameter flow cytometry analysis, mice were sacrificed and tumor, spleen, and 

draining inguinal lymph nodes were excised 24 hours after the last injection. Tumors were 

transferred into gentleMACS C tubes (Miltenyi) in RPMI and digested with DNase (30 L/ 

tumor, Sigma) and liberase (60 L/ tumor, Roche) for 40 minutes at 37°C using the 
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gentleMACS Dissociator according the manufacturer’s instruction (program 37C_m_TDK_1). 

After centrifugation, the pellet was resuspended in 40% Percoll (GE Healthcare) and the 

solution was filtered using a 100 m cell strainer (Greiner-bio-one). Percoll 75 % (10 ml for 

each 10 ml cell suspension) was slowly poured onto the Percoll 40 %- cell suspension. After 

Percoll gradient centrifugation, the buffy coat was collected. Cells were washed twice and 

stained (Suppl. Table 1). Spleen were digested as described for the tumors (using program 

37C_m_SDK_1). After the digestion, the erythrocytes were lysed using RBC lysis buffer 

(BioLegend TM). The cells were spun down and resuspended in PBS to yield a concentration 

of 4x106cells/ mL. Single-cell suspensions were directly used for flow cytometry staining 

(Suppl. Table 1). Lymph nodes were smashed using the plunger of a 1 mL syringe and filtered 

into a polystyrene tube with a cell strainer cap (StemCell Technologies). After centrifugation, 

cell pellets were resuspended in RPMI complemented with 10% FBS. Non-specific binding was 

blocked using anti-CD32/CD16 (BioLegend TM) followed by the flow cytometry antibody 

panel described in Suppl. Table 1. For intracellular staining, cells were fixed and 

permeabilized with fixation/ permeabilization solution (Thermo Scientific), according to the 

manufacturer’s instructions. Cells were acquired on a Symphony flow cytometer (BD 

Biosciences). Data was analyzed using FlowJo (version 10.0.8, TreeStar In.c). For an unbiased 

analysis, we reduced the high-dimensional dataset into two dimensions through t-distributed 

stochastic neighbor embedding (t-SNE) in combination with FlowSOM meta-clustering as 

described [376]. 

 

8.1.9. Statistical analysis of murine tumor, lymph node, and spleen datasets 

Data were analyzed using Prism 6.0 (GraphPad Software, Inc.). Statistical significance of in 

vivo experiments was determined with a regular two-way ANOVA test with the Bonferroni 

post-test. We utilized unsupervised validated clustering approaches (FlowSOM, CellCNN, 

Citrus) to discern between different cell populations. For FlowSOM metaclustering, flow 

cytometer data were compensated, exported with FlowJo software (version 10.0.8, TreeStar 

Inc.) and normalized using Cyt MATLAB (version 2017b). An unbiased analysis was performed 

as described [376]. 
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8.2. Development of a novel fully-human anti-CD123 antibody to target 

acute myeloid leukemia 

This chapter has recently been submitted for publication: 

Hutmacher et al., Development of a novel fully-human anti-CD123 antibody to target acute 

myeloid leukemia, submitted 

 

8.2.1. Cell lines 

The TF-1 (CRL-2003) and the Kasumi-1 (CRL-2724) cell lines were obtained from the American 

Type Culture Collection (ATTC) and CHO-S cells from Invitrogen. The OCI-AML3 cell line (ACC-

247) was obtained from the DSMZ. Cell lines were expanded, and stored as cryopreserved 

aliquots in liquid nitrogen. Cells were grown according the supplier’s protocol and kept in 

culture for no longer than 2 weeks. Authentication of the cell line also included check of post-

freeze viability, growth properties, morphology, test for mycoplasma contamination, 

isoenzyme assay, and sterility test were performed by the cell bank before shipment. The 

Kasumi-1 cell line was stably transfected with a lentivirus containing the vector with the GFP 

sequence (lentilab.unige.ch)[377]. 

 

8.2.2. Cloning and expression of recombinant CD123 

The cDNA of the extracellular domains of human CD123 were obtained from Genscript and 

cloned into the pcDNA3.1(+) expression vector with a C-terminal 6-His tag (CD123-His) or a 

Fragment crystallizable (Fc) tag (CD123-Fc). The extracellular domains 2 and 3 of CD123 was 

cloned into the pcDNA3.1 vector with an Fc tag. Fusion proteins were expressed using 

polyethyleneimine (PEI)-mediated transient gene expression in CHO-S cells as described 

[378]. The proteins were purified from the culture medium via protein A affinity 

chromatography or a Ni-NTA agarose resin (ThermoFisher) and analyzed using SDS-PAGE and 

size exclusion chromatography (Superdex 200 Increase, 10/300, GE Healthcare). 

 

8.2.3. Generation of a stable CD123 monoclonal cell line 

CHO-S cells were stably transfected with a gene coding for the whole CD123 and a second 

gene conferring antibiotic resistance against neomycin. After antibiotic selection and limiting 
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dilution to generate monoclonal cell lines, the cells were screened for expression of CD123 

by flow cytometry using an anti-human CD123 antibody (clone 6H6, BioLegend). 

 

8.2.4. Selection of antibodies from the ETH-2 Gold library by phage display and 

affinity maturation 

Human monoclonal antibodies specific to the CD123 antigen were isolated by three rounds 

of biopanning from the ETH-2 Gold antibody phage display library as described [345]. 

Bacterial supernatants containing recombinant scFv antibody fragments were screened by 

ELISA. Those with positive signal in ELISA were analyzed using a BIAcore 200 instrument (GE 

Healthcare) and sequenced. The affinity maturation library was cloned by introducing 

sequence variability in the CDR1 of both heavy and light chain of the best clone using partially 

degenerate primers as already shown in [78] .The library was electroporated into fresh 

electrocompetent TG-1 cells. Bacterial supernatants of individual colonies were screened by 

ELISA and BIAcore. The best clone was sequenced and reformatted into the fully-human IgG 

format by cloning VH and VL into pcDNA3.1 (+) resulting in the H9 antibody. 

 

8.2.5. Cloning of BiTE(H9/OKT3), BiTE (CSL362/OKT3) and the CSL362 antibody 

The sequence of CSL362 and the OKT3 was retrieved from the corresponding patents (US 

8,569,461 B2 and US 7, 635, 472 B2). Vectors containing the heavy (without the ADCC 

engineered mutations) or light chain sequence and the OKT3 sequence were ordered from 

Genscript. BiTE(H9/OKT3) was assembled by PCR in the following format using specific 

primers: N-terminus- signal peptide-variable light chain of the H9-variable heavy chain of the 

H9- variable heavy chain of OTK3- variable light of OTK3- C-terminus. BiTE(CSL263/OKT3) was 

assembled in the same format, but a His-tag was added at the C-terminus. 

 

8.2.6. Expression of antibodies and antibody fragments 

The vectors containing the antibody, antibody fragment and BiTE sequences were used for 

transient gene expression using polyethyleneimine as described before. The proteins were 

purified by protein A affinity chromatography or an Ni-NTA agarose resin (ThermoFisher).  

 

8.2.7. Epitope mapping using peptide array 

In order to characterize the binding of the H9 antibody, we identified the epitope on CD123 

extracellular domain using a peptide array (PepSpot, JPT). The synthesis of the target antigen 
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as an overlapping linear series of peptides covalently attached to a cellulose support was 

performed by SPOT technique at JPT. A consecutive series of 15-mer with 3 residues shift each 

resulted in 92 peptides, spanning the 287 amino acid sequence of CD123. The assay was 

performed according to manufacturer’s instructions and the binding spots were detected by 

a chemiluminescence imager (Agfa Curix 60, Agfa Healthcare) after the incubation of the 

membrane with IgG(H9) and then with protein A-HRP (GE Healthcare).  

 

8.2.8. Flow cytometry-based binding of H9 and CSL362 to stable CD123 

monoclonal cell line 

Stably transfected CD123 expressing CHO-S cells were centrifuged and washed in FACS buffer 

(2 % FBS in PBS). Cells were stained with primary antibodies H9, CSL362 and a negative control 

antibody L19 (targeting the extracellular domain A of fibronectin). After washing, an AF647 

goat anti human IgG (ThermoFisher) was used to detect the primary antibodies. The cells 

were washed again and analyzed on a 2-L CytoFLEX Flow Cytometer (Beckman Coulter). 

 

8.2.9. Surface Plasmon Resonance 

CD123-Fc was immobilized on a CM-5 sensor chip with a density of 1600 RU using a BIAcore 

200 system. Serial dilutions of antibody fractions or bacterial supernatants were investigated. 

The binding curves were analyzed with the BIAevaluation 3.2 software. 

 

8.2.10. ADCC potentiation 

To enhance the antibody dependent cellular cytotoxicity of the antibody, two amino-acid 

mutations S293D and I332E were introduced into the Fc region by PCR as it has been done for 

other antibodies including the CSL362 antibody [326,347]. This yielded the IgG1pot(H9) and 

the IgG1pot(CSL362) antibody which were expressed by transient gene expression as described 

before. 

 

8.2.11. Isolation of human peripheral blood mononuclear cells (PBMCs) 

Peripheral blood samples were obtained from healthy donors from the Blutspendedienst SRK, 

Zurich. Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient 

centrifugation on Ficoll Paque Plus (GE Healthcare) according to the manufacturer’s 

instructions. The peripheral blood was three-fold diluted in PBS solution containing 2 mM 
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EDTA. Then, 30 ml of diluted peripheral blood were layered on 12.9 ml Ficoll and centrifuged 

at 400 x g for 40 min at room temperature. PBMCs were collected, and then washed 2 times 

with PBS/EDTA. After washing, the cells were immediately subjected to the in vitro killing 

assay. 

 

8.2.12. ADCC assay on human cell lines 

Antibody-dependent cellular cytotoxicity was analyzed using flow cytometry as described 

[379]. For this, target cells were labelled with CFSE (Invitrogen) according to the 

manufacturer’s instructions and cultured with PBMC at an effector to target cell ratio (E:T) of 

50:1 and the antibodies for 16 hours at 37°C in RPMI supplemented with 5% or 10% FBS. The 

cells were harvested, and stained with Fixable Viability Dye (Invitrogen) which labels dead 

cells. After 30 min of incubation, the cells were washed with PBS containing 2 % FBS and then 

subjected to FACS analysis using a 2-L CytoFLEX cytometer (Beckman Coulter), and data were 

processed using FlowJo (v.10, Tree Star). The percentage of specific lysis was calculated as 

follows: (1-number of alive target cells/ number of alive target cells without antibody)*100. 

 

8.2.13. ADCC assay on AML blasts 

The primary human cells used in this study were selected from the biobank of the department 

of Medical Oncology and Hematology, University Hospital Zurich, Zurich, Switzerland. All AML 

patient bone marrow and blood samples were obtained with written informed consent. The 

study was approved by the Ethics Board of the Canton of Zurich (2009-0062). CD3/CD19 

depleted AML patient bone marrow cells were thawed and incubated for 4 days in IMDM 

medium supplemented with 20% FBS and 1% penicillin/streptomycin (GIBCO, Thermo Fischer 

Scientific) as well as 50 uM mercaptoethanol, 10 ng/mL recombinant SCF, 50 ng/mL 

recombinant TPO and 10 ng/mL FLT3 ligand (Peprotech). To determine CD123 expression on 

leukemic blast surface, CD33-BV711 (Biolegend), CD34-PE (Thermo Fischer), CD45-e450/PB 

(Biolegend) were co-stained with CD123-APC (Biolegend). Dead cells were excluded from 

analysis by staining cells with Aqua Live/Dead cell viability dye (Biolegend). After the isolation 

of healthy PBMCs by Ficoll centrifugation (GE Healthcare), NK cells were enriched by 

EasySep™ Human NK cell Isolation Kit (STEMCELL) following the manufacturer’s instructions. 

Allogeneic NK cells and cultured CD3/CD19 depleted AML patient bone marrow cells were 

mixed at an effector to target ratio of 10:1 in IMDM medium supplemented with 20% FBS and 
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1% penicillin/streptomycin. A dilution series of IgG(L19), IgGpot(CSL362) and IgGpot(H9) was 

subsequently added to the cell culture which was then incubated for 24 hours at 37°C. The 

specific lysis was analyzed by flow cytometry using a LSR II Fortessa cell analyzer (BD 

Biosciences) and quantified using the formula described before. 

 

8.2.14. In vitro BiTE-mediated T-cell killing of primary AML blast 

T cells were thawed 1 day before the assay and cultured overnight in advanced RPMI 

supplemented with 1x Glutamax (Gibco), 10% FBS and 1% penicillin/streptomycin (T cell 

medium). Effector and target cells were co-cultured in T cell medium (E:T= 10:1). A dilution 

series of BiTE was added to the cell solution and incubated for 24 hours at 37°C. The specific 

lysis of AML blasts (CD45dim) was analyzed by flow cytometry using a LSR II Fortessa cell 

analyzer (BD Biosciences) and quantified using the formula described before. 
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10. Copyright 

Parts of this thesis have been adapted from the published or submitted articles listed below 

and are reproduced with permission and in accordance with the copyright guidelines of the 

corresponding journals.  

 

Hutmacher and Neri, Antibody-cytokine fusion proteins: Biopharmaceuticals with 

immunomodulatory properties for cancer therapy, Advanced Drug Delivery Reviews (2018), 

in press 

 

Hutmacher and Neri, Targeted Interleukin 2 and synergy with immune check-point 

inhibitors [abstract]; Cancer Res (2018),78(13 Suppl): Abstract nr 3811 

 

Hutmacher and Nuñez et al, Targeted Delivery of IL2 to the Tumor Stroma Potentiates the 

Action of Immune Checkpoint Inhibitors by Preferential Activation of NK and CD8+ T Cells, 

Cancer Immunol Res (2019), In Press 

 
Hutmacher et al, Development of a novel fully-human anti-CD123 antibody to target acute 

myeloid leukemia, submitted 
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11. List of abbreviations 

ADC Antibody-drug conjugate 

ADCC Antibody-dependent cellular cytotoxicity 

ALL Acute lymphoblastic leukemia 

allo-HSCT allogeneic hematopoietic stem cell transplantation 

AML Acute myeloid leukemia 

ARC Antibody Radionuclides conjugates 

BiTE Bi-specific T cell engager 

BM Bone marrow 

CAR-T cell Chimeric antigen receptor T cell 

CDC Complement-dependent cytotoxicity 

CDR Complementarity-determing region 

CEA Carcinoembryonic antigen 

CFSE Carboxyfluorescein succinimidyl ester 

CH Constant heavy chain 

CHO Chinese hamster ovary cell line 

CL Constant light chain 

CLL Chronic lymphoid leukemia 

CML Chronic myeloid leukemia 

CTLA-4 Cytotoxic T-lymphocyte-associated protein 4 

CR Complete response 

DMEM Dulbecco's Modified Eagle Medium 

DNA Deoxyribonucleic acid 

ECM Extracellular matrix 

EDA Extra-domain A of fibronectin 

EDB Extra-domain B of fibroectin 

EDTA Ethylendiaminetetra acetic acid 

EGFR Epidermal growth factor receptor 

ELISA Enzyme-linked immunosorbet assay 

EpCAM Epithelial cell adhesion molecule 

FACS Fluorescence-activated cell sorting 

FAB French-American-British 

Fab Fragment antigen-binding portion of an antibody 

FAP Fibroblast activation protein 

FBS Fetal bovine serum 

Fc  Fragment crystallizable  

FcyR Fc gamma receptor 

FcRn Neonatal Fc receptor 

FDA Food and Drug Administration 

FLT3 Fms like tyrosine kinase 3 

FPLC Fast protein liquid chromatography 

Fv Fragment variable 



   
103 

G-CSF Granulocyte colony-stimulating factor 

GM-CSF Granulocyte-macrophage colony-stimulating factor 

GZMB Granzyme B 

HAMA Human-anti-mouse antibodies 

HER Human epidermal growth factor receptor 

HiDAC High-dose cytarabine 

HSC Heamtopoietic stem cells 

IFN// Interferon alpha/beta/gamma 

Ig Immunoglobulin 

IL Interleukin 

IMDM Iscove's Modified Dulbecco's Medium 

i.p. Intraperitoneal 

IU International units 

i.v. Intravenous 

KD Dissociation constant 

kDa Kilodalton 

mAb Monoclonal antibody 

MHC Major histocompatibility complex 

MTD Maximum tolerated dose 

MW Molecular Weight 

NHL Non-Hodgkin lymphoma 

NK cell Natural killer cell 

NSLC Non-small cell lung carcinoma 

PBMC Peripheral blood mononuclear cell 

PBS Phosphate buffered saline 

PCR Polymerase chain reaction 

PD-1 Programmed cell death protein 1 

PD-L1 Programmed cell death 1 ligand 1 

PEG Polyethylene glycol 

PSMA Prostate-specific membrane antigen 

R&D Research and development 

rpm Rotations per minute 

RPMI Roswell Park Memorial Institute 

RT Room temperature 

RU Resonance units 

SEM Standard error of the mean 

s.c. Subcutaneous 

scFv Single-chain variable fragment 

SDS Sodium dodecyl sulfate 

SDS-PAGE 
Sodium dodecyl sulfate polyacrylamide gel 
electrophoresis 

SEC Size-exclusion chromatography 

SIP Small immunoprotein 
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SMDC Small molecule drug conjugates 

TCR T cell receptor 

TEA Triethylamine 

Th1/2 T helper cell type 1/2 

TNF Tumor necrosis factor alpha 

TnC A1 A1 domain of Teascin-C 

TRAIL TNF-related apoptosis-inducing ligand 

Treg regulatory T cell 

t-SNE t-distributed stochastic neighbor embedding 

VEGF Vascular endothelial growth factor 

VH Variable heavy chain 

VL Variable light chain 

WHO World Health Organization 
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13. Supplementary Information 

13.1. F8-IL2 in combination with immune check-point inhibitors 

13.1.1. Microscopic analysis of EDA expression (green) on CT26 colon carcinoma 

 
Suppl. Figure 1: (A) and MC38 colon carcinoma (B) using the F8 antibody. The KSF antibody 

(directed against an irrelevant antigen) was used as negative control (CTRL). An anti CD31 

antibody was used to stain tumor vessels (red). Scale bar = 100 m. 
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13.1.2. Rechallenge tumor studies 

 

Suppl. Figure 2: All cured mice from the therapy studies were rechallenged with either 2x106 

CT26 colon carcinoma cells or 1x106 MC38 cells on day 0 and monitored for tumor growth 

(black curve). Naïve mice were used as control group (blue curve). All cured mice were able to 

reject the tumor cells whereas in naïve mice, the tumors grew steadily. 
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13.1.3. Multiparameter flowcytometric analysis of CT26 tumor immune cell 
infiltrates 

 

Suppl. Figure 3: CT26 tumors were stained with fluorochrome-conjugated antibodies. (A) t-
SNE map displaying stochastically selected live CD45+ cells (left) and heat map showing the 
median marker expression (value range: 0-1, black and white) for each defined population of 
Figure 13A from all conditions. (B) t-SNE map displaying stochastically selected TCRb+ cells 
(left) and median expression of selected cell markers shown for T cell subpopulations in each 
treatment (right). (C) t-SNE map displaying stochastically selected CD8+ T cells from all 
conditions. (D) t-SNE map displaying stochastically selected NK+ cells from all conditions. *, p 
< 0.05, **, p < 0.01, ***, p < 0.001 
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13.1.4. Multiparameter flowcytometric analysis of lymph nodes and intrasplenic 
immune cell infiltrates of CT26 colon carcinoma bearing mice. 
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Suppl. Figure 4: CT26 tumor draining lymph nodes were stained with fluorochrome-

conjugated antibodies. (A) t-SNE map displaying stochastically selected live CD45+ cells from 

all lymph nodes. (B) t-SNE map showing the FlowSOM-guided meta-clustering gated on CD45+ 

cells (upper panel) and heat map showing the median marker expression (value range: 0-1, 

black and white) for each defined population from the lymph node (lower panel). (C) t-SNE 

map displaying stochastically selected TCRb+ cells, (D) selected CD8+ T cells and (E) selected 

NK cells from all lymph nodes. (F-G) Splenocytes from mice bearing CT26 tumors were stained 

with fluorochrome-conjugated antibodies. (F) t-SNE map displaying stochastically selected live 

CD45+ cells from the spleen (left). (F, right) t-SNE map showing the FlowSOM-guided meta-

clustering gated on CD45+ cells (upper panel) and heat map showing the median marker 

expression (black and white) for each defined population from the spleen (lower panel). (G) t-

SNE map displaying stochastically selected NK cells from the spleen.  
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13.1.5. Multiparameter flowcytometric analysis of MC38 tumor immune cell 
infiltrates 
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Suppl. Figure 5: MC38 tumors were stained with fluorochrome-conjugated antibodies. (A) t-

SNE map displaying stochastically selected TCRb+ cells (upper panel) and frequencies of the 

four Tcrb+ cell subclusters among total T cells within the different conditions (bottom, pooled 

data from 2 independent experiments). (B) t-SNE map showing the FlowSOM-guided meta- 

clustering of TCRb+ cells in the different treatment groups (upper panel) and heat map 

showing the median marker expression for each defined population from all conditions (lower 

panel). (C) t-SNE map displaying stochastically selected CD8+ T cells (left) and the FlowSOM-

guided meta-clustering in the different treatment groups (middle). Frequencies (upper right) 

of GZMB+ staining among CD8+ T cells and median expression of GZMB (lower right) within 

the different conditions. (D) t-SNE map displaying stochastically selected NK cells (NK1.1+ 

TCRb-, left), t-SNE map displaying the FlowSOM-guided meta-clustering of NK cells in the 

different treatment groups (middle left) and heat map showing the median marker expression 

(middle lower panel). Frequencies (middle right) of the four NK cell subclusters among total 

NK cells and median expression (right) of GZMB and Ki67 within the different conditions are 

displayed as well. *, p < 0.05, **, p < 0.01, ***, p < 0.001 
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13.1.6. Multiparameter flowcytometric analysis of lymph node immune cell 
infiltrates of MC38 colon carcinoma bearing mice 
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Suppl. Figure 6: Multiparameter flowcytometric analysis of lymph node immune cell 

infiltrates. MC38 tumor draining lymph nodes were stained with fluorochrome-conjugated 

antibodies. (A) t-SNE map displaying stochastically selected TCRb+ cells (upper panel) and 

quantification (cell number) of live intratumoral CD45+ cell clusters in the different treatment 

groups (lower panel). (B) t-SNE map showing the FlowSOM-guided metaclustering of TCRb+ 

cells in the different treatment groups (upper panel), heat map (middle panel) showing the 

median marker expression and frequency (lower panel) for selected population from all 

conditions. (C) t-SNE map displaying stochastically selected CD8+ T cells (left), the FlowSOM-

guided meta-clustering in the different treatment groups (middle) and frequencies of each 

defined population within the treatment group (right upper panel). Representative flow 

cytometric analysis of GZMB and Ki67 frequencies of GZMB+ staining among CD8+ T cells 

within the different conditions (right lower panel). (D) t-SNE map displaying stochastically 

selected NK cells (NK1.1+ TCRb-, left), t-SNE map displaying the FlowSOM-guided meta-

clustering of NK cells in the different treatment groups (middle left) and heat map showing 

the median marker expression (middle lower panel). Frequencies (middle right) the four NK 

cell subclusters among total NK cells and median expression (right) of GZMB and Ki67 within 

the different conditions are displayed as well. n= 6 mice per group, *, p < 0.05, **, p < 0.01, 

***, p < 0.001 
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13.1.7. Antibody clone list 

Suppl. Table 1: Clone list of all antibodies that were used for the single cell analysis 

 
  

Antigens Clones Fluorochromes Isotypes Manufacturers

CD19 6D5 Biotin rat IgG2a BD PharmingenTM

CD45 30-F11 BUV 395 rat IgG2b BD PharmingenTM

CD8 53-6.7 BUV 805 rat IgG2a BD PharmingenTM

CD4 GK1.5 BUV 496 rat IgG2b BD PharmingenTM

I-A/I-E M5/114.15.2 BUV 661 rat IgG2b BD PharmingenTM

CD62L MEL-14 BUV 737 rat IgG2a BD PharmingenTM

NKp46 29A1.4 FITC rat IgG2a Thermo Fisher Scientific

NK1.1 PK136 BV785 mouse IgG2a BioLegendTM

CD64 X54-5/7.1 BV 421 mouse IgG1 BioLegendTM

CD27 LG3A10 BV 480 armenian hamster IgG1 BD PharmingenTM

CD44 IM7 BV 570 rat IgG2b BioLegendTM

CD25 PC61 AlexaFlour 488 rat IgG1 BioLegendTM

CD206 C068C2 BV 650 rat IgG2a BioLegendTM

CD11B M1/70 BV 711 rat IgG2b BioLegendTM

PD-1 29F.1A12 BV 785 rat IgG2a BD PharmingenTM

PD-1 J43 BV 605 armenian hamster IgG2 BD PharmingenTM

TCRb H57-597 PE-Cy5 armenian hamster IgG1 BioLegendTM

PD-L1 MIH5 PE-Cy7 rat IgG2a Thermo Fisher Scientific

KLRG1 2F1/KLRG1 APC-C7 armenian hamster IgG1 BioLegendTM

TIM3 B8.2C12 AlexaFlour 647 rat IgG1 BioLegendTM

Streptavidin BUV395 BD PharmingenTM

Streptavidin BUV563 BD PharmingenTM

INTRACELLULAR

Antigens Clones Fluorochromes Isotypes Manufacturers

KI-67 B56 PE mouse IgG1 BioLegendTM

EOMES Dan11mag PerCP-eFlour710 rat IgG2a Thermo Fisher Scientific

FOXP3 FJK-16s PE-eFlour610 rat IgG2a Thermo Fisher Scientific

GZMB GB11 AlexaFlour 647 mouse IgG1 BD PharmingenTM

CTLA4 UC10-4F10-11 APC-AR700 armenian hamster IgG1 BD PharmingenTM

LIVE/DEAD Fixable Aqua Life TechnologiesTM
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13.2. Development of a novel fully-human anti-CD123 antibody to target 

acute myeloid leukemia 

13.2.1. Expression and characterization of IgG1(CSL362), IgG1pot(CSL362) and 

BiTE(CSL362/OKT3) 

 
Suppl. Figure 7: (A) SDS-PAGE and size exclusion chromatography profile of IgG1(CSL362) and 

IgG1pot(CSL362). (B) SDS-PAGE and size exclusion chromatography profile of 

BiTE(CSL362/OKT3). M= Marker, NR= non-reducing, R= reducing conditions. 
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13.2.2. Sequences of the parental anti CD123 scFv with the highest ELISA signal 

derived from phage display, the affinity matured scFv(H9), the IgG1(H9) 

and the IgG1pot(H9) heavy and light chains 

Parental scFv 
EVQLLESGGGLVQPGGSLRLSCAASGFTFSSYAMSWVRQAPGKGLEWVSAISGSGGSTYYADSVKGRFT
ISRDNSKNTLYLQMNSLRAEDTAVYYCAKTWQFFDYWGQGTLVTVSSGGGGSGGGGSGGGGEIVLTQ
SPGTLSLSPGERATLSCRASQSVSSSHLAWYQQKPGQAPRLLIYGASSRATGIPDRFSGSGSGTDFTLTISR
LEPEDFAVYYCQQSGKRPPTFGQGTKVEIKAAAEQKLISEEDL 
 
Affinity matured scFv(H9) 
EVQLLESGGGLVQPGGSLRLSCAASGFTFSLYSMSWVRQAPGKGLEWVSAISGSGGSTYYADSVKGRFTI
SRDNSKNTLYLQMNSLRAEDTAVYYCAKTWQFFDYWGQGTLVTVSSGGGGSGGGGSGGGGEIVLTQS
PGTLSLSPGERATLSCRASQSVSPERLAWYQQKPGQAPRLLIYGASSRATGIPDRFSGSGSGTDFTLTISRL
EPEDFAVYYCQQSGKRPPTFGQGTKVEIKAAAEQKLISEEDL 
 
IgG1(H9) heavy chain 
EVQLLESGGGLVQPGGSLRLSCAASGFTFSLYSMSWVRQAPGKGLEWVSAISGSGGSTYYADSVKGRFTI
SRDNSKNTLYLQMNSLRAEDTAVYYCAKTWQFFDYWGQGTLVTVSSASTKGPSVFPLAPSSKSTSGGTA
ALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKV
DKKVEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDG
VEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTL
PPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQG
NVFSCSVMHEALHNHYTQKSLSLSPGK 

 
IgG1(H9) and IgG1pot(H9) light chain 
EIVLTQSPGTLSLSPGERATLSCRASQSVSPERLAWYQQKPGQAPRLLIYGASSRATGIPDRFSGSGSGTDF
TLTISRLEPEDFAVYYCQQSGKRPPTFGQGTKVEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPRE
AKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRG
EC 
 
IgG1pot(H9) heavy chain 
EVQLLESGGGLVQPGGSLRLSCAASGFTFSLYSMSWVRQAPGKGLEWVSAISGSGGSTYYADSVKGRFTI
SRDNSKNTLYLQMNSLRAEDTAVYYCAKTWQFFDYWGQGTLVTVSSASTKGPSVFPLAPSSKSTSGGTA
ALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKV
DKKVEPKSCDKTHTCPPCPAPELLGGPDVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVD
GVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPEEKTISKAKGQPREPQVY
TLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQ
GNVFSCSVMHEALHNHYTQKSLSLSPGK 
 
BiTE (H9/OKT3) 
EIVLTQSPGTLSLSPGERATLSCRASQSVSPERLAWYQQKPGQAPRLLIYGASSRATGIPDRFSGSGSGTDF
TLTISRLEPEDFAVYYCQQSGKRPPTFGQGTKVEIK 
GGGGSGGGGSGGGGSEVQLLESGGGLVQPGGSLRLSCAASGFTFSLYSMSWVRQAPGKGLEWVSAIS
GSGGSTYYADSVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCAKTWQFFDYWGQGTLVTVSSGGGG
SDIKLQQSGAELARPGASVKMSCKTSGYTFTRYTMHWVKQRPGQGLEWIGYINPSRGYTNYNQKFKDK
ATLTTDKSSSTAYMQLSSLTSEDSAVYYCARYYDDHYCLDYWGQGTTLTVSSVEGGSGGSGGSGGSGGV
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DDIQLTQSPAIMSASPGEKVTMTCRASSSVSYMNWYQQKSGTSPKRWIYDTSKVASGVPYRFSGSGSG
TSYSLTISSMEAEDAATYYCQQWSSNPLTFGAGTKLELK 
 
Suppl. Figure 8: Underlined amino acids, also presented in italics, correspond to key residues 

within the CDR1 loops of the heavy chains. Underlined amino acids correspond to key residues 

in the CDR1 of the light chain, while amino acids displayed in boldface correspond to the 

mutations used to potentiate ADCC. 
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