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Summary 
Immune checkpoint inhibitors have revolutionized cancer immunotherapy. The first generation of 

immune checkpoint inhibitors approved are monoclonal antibodies restricted to molecules on T cells 

such as PD-1/PD-L1 or CTLA-4. These inhibitors are used for the treatment of almost half of all cancer 

patients in the United States, however more than 80 % of the patients remain unresponsive to the 

conventional therapies.  

Neutrophils are the most abundant immune cell population in the circulation and, together with 

macrophages, are present in the microenvironment of many cancer types. Myeloid cells in the tumor 

microenvironment are mainly suppressive immune cells and their existence is often associated with 

cancer progression. For this reason, targeting myeloid cells by reversing their immunosuppressive 

features may be beneficial. The CD47 blocking antibody Magrolimab is the first myeloid checkpoint 

inhibitor that has been tested in clinical trials. However, regardless of some positive results, recent 

clinical trials of Magrolimab were placed on hold due to inefficacy compared to standard therapies and 

increased risk of death. Thus, there is an urgent need to investigate other immune checkpoints on 

myeloid cells that may drive cancer progression. 

The sialic acid/sialic acid-binding immunoglobulin-type lectin (Siglec) interaction is a new emerging 

immune checkpoint. Upregulation of surface sialic acid on cancer cells activates Siglec inhibitory 

receptors on immune cells and prevents an immune response against tumor cells. There is sufficient 

evidence that the sialic acid-Siglec interaction is an important immune checkpoint for NK and T cells, 

but the knowledge about its involvement in myeloid cell mediated tumor cell lysis is still limited. This 

study investigates the role of sialic acid in the regulation of antibody-dependent myeloid cell activation 

against solid and hematological cancer cells.  

Cancer cell lines expressing HER2, EGFR or CD20 antigens were used as tumor models in this study. 

All cell lines showed a high expression of sialic acid with more Ŭ2,3 linked than Ŭ2,6 linked sialic acid. 

As a strategy to reduce the sialic acid amount on the cancer cells, two neuraminidases and a 

sialyltransferase inhibitor were used and the effects on tumor cell lysis rates were analyzed. The presence 

of sialic acid turned out to inhibit antibody-dependent cellular phagocytosis by macrophages (ADCP) 

and to diminish antibody-dependent cellular cytotoxicity mediated by neutrophils (ADCC). In vivo, 

breast cancer cells lacking sialic acid were eradicated more efficiently compared to control cells in mice 

treated with different EGFR antibodies. Sialic acid is the ligand of the inhibitory Siglec receptors. Here, 

the expression of Siglec-1, -3, -7 and -9 on human macrophages and of Siglec-5, -9 and -14 on human 

neutrophils could be verified. It could be demonstrated that soluble Siglec-7 and Siglec-9-Fc fusion 

proteins bind to the cancer cells and that this binding could be reduced by treating the cancer cells with 

neuraminidases or sialyltransferase inhibitor. Importantly, Siglec-9 could be identified as a key player 

in antibody-mediated cytotoxic activity of neutrophils with the application of a Siglec-9 blocking 

antibody bearing an unfunctional Fc part. As a ligand of Siglec-9 the carbohydrate antigen CA19-9, also 
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named sialyl Lewis A, could be identified, and used as target antigen to enhance neutrophil-mediated 

ADCC against cancer cells. Additionally, bispecific antibody-lectin proteins that combine a cancer 

targeting Fab with a Siglec decoy receptor through an Fc part, were evaluated as potential and promising 

therapeutic tools to enhance neutrophil cytotoxicity against cancer cells. Taken together, it could be 

shown that the sialic acid/Siglec axis regulates antibody-dependent cytotoxic activity of myeloid cells 

and that it is a promising immune checkpoint to target that opens new perspectives in cancer 

immunotherapy. 
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Zusammenfassung 
Durch die Einführung der Immuncheckpoint-Inhibitoren in die Klinik wurde die Krebsimmuntherapie 

revolutioniert. Die erste Generation der zugelassenen Immuncheckpoint-Inhibitoren ist auf Moleküle 

auf T-Zellen beschränkt, z. B. PD-1/PD-L1 oder CTLA-4. Fast die Hälfte aller Krebspatienten in den 

Vereinigten Staaten werden mit derartigen Inhibitoren behandelt, jedoch bleiben mehr als 80 % der 

Patienten unempfindlich gegenüber konventionellen Therapieformen. Myeloische Zellen, insbesondere 

Neutrophile, sind die häufigste Immunzellpopulation im Blut und sind, zusammen mit Makrophagen, 

im Tumormikromilieu vieler Krebsarten vorhanden. Tumorinfiltrierende myeloische Zellen sind 

hauptsächlich unterdrückende Immunzellen und ihr Vorhandensein ist oft mit einer schlechten Prognose 

verbunden. Aus diesem Grund könnte es für therapeutische Zwecke von Vorteil sein, die 

immunsupprimierende Wirkung von myeloischen Zellen umzukehren. Der CD47-Antikörper 

Magrolimab ist der erste myeloische Checkpoint-Inhibitor, der in klinischen Studien getestet wurde. 

Trotz einiger positiver Ergebnisse wurden jedoch kürzlich klinische Studien mit Magrolimab aufgrund 

von Unwirksamkeit im Vergleich zu Standardtherapien und erhöhtes Todesrisiko abgebrochen. Daher 

besteht ein dringender Bedarf, weitere myeloische Checkpoints zu identifizieren und zu untersuchen, 

welche die Krebsimmuntherapie weiter vorantreiben können.  

Die Sialinsäure/sialic acid-binding immunoglobulin-type lectin (Siglec)-Interaktion ist ein neuer in 

Erscheinung getretener Immuncheckpoint. Die Hochregulation von Sialinsäure auf der Oberfläche von 

Krebszellen aktiviert inhibierende Siglec-Rezeptoren auf Immunzellen und verhindert eine 

Immunreaktion gegen Krebszellen. Es gibt ausreichende Hinweise darauf, dass die Sialinsäure/Siglec-

Interaktion ein wichtiger Immuncheckpoint für NK- und T-Zellen ist, doch die Kenntnisse über ihre 

Rolle bei der Eliminierung von Tumorzellen durch myeloische Zellen ist noch begrenzt.  

Die vorliegende Arbeit untersucht die Rolle der Sialinsäure als Regulator der antikörperabhängigen 

Aktivierung myeloischer Zellen gegen solide und hämatologische Tumorzellen. Krebszelllinien, die 

HER2, EGFR oder CD20 als Antigene exprimieren, wurden als Tumormodelle in dieser Studie 

verwendet. Alle Zelllinien zeigten eine hohe Expression von Sialinsäure mit überwiegend Ŭ2,3-

verkn¿pfter im Vergleich zu Ŭ2,6-verknüpfter Sialinsäure. Als Strategie zur Reduzierung der Sialinsäure 

auf den Krebszellen wurden zwei Neuraminidasen und ein Sialyltransferase-Inhibitor eingesetzt und der 

Effekt auf die Tumorzell-Lyserate analysiert. Es konnte gezeigt werden, dass die Präsenz von 

Sialinsäure sowohl die antikörpervermittelte zelluläre Phagozytose durch Makrophagen (ADCP) als 

auch die antikörperabhängige PMN-vermittelte Zytotoxizität (ADCC) hemmt. Auch in vivo wurden 

Sialinsäure reduzierte Krebszellen im Vergleich zu Kontrollzellen durch die Behandlung mit 

Antikörpern effizienter eliminiert. Sialinsäure ist der Ligand der inhibierenden Siglec-Rezeptoren. 

Humane Makrophagen zeigten eine Expression von Siglec-1, -3, -7 und -9, während humane 

Neutrophile Siglec-5, -9, -14 exprimierten. Es konnte gezeigt werden, dass lösliche Siglec-7 und Siglec-

9 Fc-Fusionsproteine an die in dieser Studie verwendeten Krebszelllinien binden, dies konnte durch 
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Behandlung mit Neuraminidasen oder mit einem Sialyltransferase-Inhibitor reduziert werden. Darüber 

hinaus konnte Siglec-9 eine wichtige Rolle bei der antikörpervermittelten Aktivierung von Neutrophilen 

zugesprochen werden, dies wurde durch den Einsatz eines dafür entwickelten spezifischen Siglec-9-

Antikörper ermöglicht. Als einer der Liganden von Siglec-9 konnte das Kohlehydratantigen CA19-9 

identifiziert und als Zielantigen verwendet werden, um die Antikörper-vermittelte Neutrophile 

Zytotoxizität gegen Tumorzellen zu erhöhen. Zusätzlich wurden bispezifische Antikörper-Lektin-

Proteine im Hinblick auf eine Steigerung der PMN-vermittelten Zytotoxizität näher analysiert. Diese 

sog. AbLecs bestehen aus einem gegen ein tumorassoziiertes Antigen gerichtetes Fab-Teil kombiniert 

mit der extrazellulären Domäne eines Siglecs über einen Fc-Teil. Zusammenfassend konnte in der 

Arbeit gezeigt werden, dass die Sialinsäure/Siglec-Achse die antikörpervermittelte Aktivierung 

myeloischer Zellen reguliert und ein entscheidender Immuncheckpoint ist, der neuen Perspektiven für 

die Krebsimmuntherapie eröffnet. 
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1 Introduction  

1.1 Antibody-based cancer therapy 

Cancer is a major health problem worldwide and is the second leading cause of death globally, 

accounting for 10 million deaths worldwide in 20201. The worldwide age-standardized death rate from 

cancer declined by 15 % since 1990, meaning that health care has improved in the fight against cancer2. 

This is the result of an increased awareness of the causes of cancer and strong health systems that support 

cancer prevention, early detection, and efficient treatments1. Surgery, radiation, and chemotherapy are 

the major therapeutic approaches against cancer. While surgery and radiation are local therapies directed 

to a specific organ or a limited area of the body, chemotherapy is a systemic therapy, which can reach 

every compartment of the body. Even if chemotherapy is effective against some cancers, its benefit is 

limited due to lack of selectivity for cancer cells over normal cells inducing many cytotoxic side effects. 

The non-specificity of many cancer therapies is a challenge and can be improved by the development of 

targeted therapy and immunotherapy3. Targeted therapy is specifically directed against proteins that 

control how cancer cells grow, divide, and spread, while immunotherapy is a type of cancer treatment 

that helps the immune system to fight cancer3. One of the most promising and clinically used type of 

immunotherapy and targeted therapy is represented by monoclonal antibodies (mAb). Monoclonal 

antibodies are immune system proteins created in the laboratory that are designed to bind to specific 

targets on cancer cells and either stop their spread or mark them to be destroyed by the immune system3.  

1.1.1 Development of monoclonal antibodies  

The origin of cancer immunotherapy dates to 1890-1900 with William Coley and Paul Ehrlich. Coley 

demonstrated cancer regression in patients that had a concurrent bacterial infection induced by a heat-

killed bacteria mixture, achieving durable and complete remission4. Paul Ehrlich was the first to develop 

the idea of targeted therapy with his concept of a magic bullet. Ehrlich´s magic bullet specifically targets 

pathogens or tumor cells without harming healthy cells and tissues5. These were the first attempts to 

harness the immune system for destroying cancer. Only in 1975 with the advent of the hybridoma 

technology developed by Köhler and Milstein, monoclonal antibodies emerged as powerful tools against 

cancer and can be considered today as those magic bullets idealized by Ehrlich6. The hybridoma 

technology involves the fusion of antibody producing B lymphocytes from immunized mice with 

immortalized plasmacytoma cells. The resulting hybrid cell line combines the characteristics of both 

cell types: the one of B cells, which carry the genetic information of a specific monoclonal antibody,  

and the longevity of immortalized plasma cells with the cellular machinery to produce antibodies6. The 

first therapeutic mAb muromonab-CD3 (OKT3) against CD3 on T cells was generated by this 

technology and was approved in 1986 by the Food and Drug Administration (FDA) as 

immunosuppressant to reduce acute rejection in patients with organ transplants7. During the years it has 

been elucidated that murine antibodies are not optimal in activating human immune cells and are also 
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highly immunogenic8. To solve these problems, novel antibodies and variants have been generated by 

genetic engineering that are more accessible for clinical application (Figure 1). Chimeric antibodies 

contain murine variable regions in the heavy and light chains and human constant regions8. Rituximab 

was the first chimeric antibody with an oncology indication approved by the FDA in 1997. It is a CD20 

antibody of the immunoglobulin(Ig)G1 isotype and applied in patients with B-cell non-Hodgkin´s 

lymphoma9. To further overcome immunogenicity, humanized mAbs were developed. These antibodies 

are almost completely human but still contain murine complementarity-determining regions (CDR) in 

the variable domains10. The first humanized mAbs was trastuzumab, approved by the FDA in 1998 for 

the treatment of patients with human epidermal growth factor receptor 2 (HER2) positive breast cancer11. 

Today, fully human antibodies can be generated and are nowadays also in clinical use. The antibodies 

can be produced by phage-display technology, using genetic sequences of variable antibody fragments 

from human antibody libraries12. Additionally, immunized transgenic mouse models (HuMabMouse and 

XenoMouse) with human immunoglobulin genes can be used to generate human antibodies13. The first 

approved antibody produced in such a transgenic mouse was panitumumab, a human IgG2 antibody 

against the epithelial growth factor receptor (EGFR) used in patients with colorectal cancer since 200613. 

Today, more than 160 monoclonal antibodies are approved for clinical use by the FDA, and 

approximately 80% of them are humanized or fully human and almost half of them have an oncology 

indication14. 

 

Figure 1: Development of engineered monoclonal antibodies and their immunogenicity. 

The type of a monoclonal antibody can range from being a fully mouse antibody to a fully human antibody, 

indicated by the ending of its name. Immunogenicity increasingly drops the lesser murine parts (grey) and the 

more human parts (blue) are present10.  

1.1.2 Antibody structure and isotypes 

Antibodies or immunoglobulins are secretory glycoproteins produced by terminally differentiated B 

cells called plasma cells during a humoral immune response15. An antibody recognizes a specific antigen 

and can induce several immune responses. Immunoglobulins consist of four chains: two identical heavy 

chains (HC) and two identical light chains (LC) (Figure 2). One HC and one LC are typically linked by 

covalent disulfide bridges. The amino terminal ends of the four chains consist of unique variable (V) 
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regions that bind to specific epitopes of certain antigens.  In contrast, the carboxyl ends of the HC and 

LC are constant (C) regions of amino acids which determine the isotype. Each LC chain is composed of 

one variable domain (VL) and one constant domain (CL) domain, the CL can be either of kappa (ə) or 

lambda (ɚ) type. The HC is composed of one variable domain (VH) and three constant domains (CH1, 

CH2, CH3). Different types of constant regions of the HC (a-, d-, e-, g-, and m-chains) discriminate five 

different antibody isotypes: IgA, IgD, IgE, IgG and IgM (IgE and IgM have an additional CH4 domain)15. 

IgG and IgA isotypes are further divided into different subtypes: IgG1, IgG2, IgG3 and IgG4; IgA1 and 

IgA2. The isotype determines which kind of immune response the antibody triggers, and at which stage 

of the immune response the antibody is produced. The hinge region is localized between the CH1 and 

CH2 domain of IgA, IgD, and IgG (IgE and IgM do not have a hinge region) and links the crystallizable 

fragment (Fc) and two antigen-binding fragments (Fab2) via different disulfide bonds. The hinge region 

gives the antibody a certain steric flexibility for binding and, depending on the antibody isotype, the 

hinge may have different lengths. The Fc part contains the CH2 and CH3 domains, while the two Fab 

parts are composed by the LCs and the VH and CH1 domain of the HCs15. The Fc part of the antibody 

binds to various Fc receptors (FcR) on immune cells or to the complement component 1q (C1q) to 

induce certain immune responses (explained in 1.1.3.2). In addition, the Fc part of IgG can bind to the 

neonatal FcR (FcRn) expressed by endothelial cells and in the placenta for IgG recycling and for 

providing immune support to the fetus15. Usually, an antibody has one antigen binding site in each Fab 

and its affinity is given by the binding strength of the Fab to its antigen. However, antibody polymers 

can be formed by IgM (pentameric) and IgA (dimeric) isotypes. The polymers have multiple antigen 

binding sites and the strength of an antibody to its antigen is given by these multiple binding sites 

(avidity)15. 

 

Figure 2: Structure of an IgG1 antibody. 

An IgG1 antibody consists of two heavy chains and two light chains, which are linked via disulfide bonds. The 

immunoglobulin has two Fab fragments that bind the antigen and a constant Fc region which mediates the immune 

effector functions.  VL, variable region of the light chain; CL, constant region of the light chain; VH, variable domain 

of the heavy chain; CH1-3, constant domains of the heavy chain; CDR, complementarity-determining region15. 
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1.1.3 Effector functions of monoclonal antibodies 

Antibody-based tumor cell killing utilizes various mechanisms in order to exert its effects. They can be 

divided into direct and indirect effector functions, depending on the involvement of immune cells or 

without. The next paragraphs elucidate the differences between these mechanisms (Figure 3).  

1.1.3.1 Direct mechanisms 

The Fab domains of antibodies bind specifically to antigens on tumor cells and can induce direct 

cytotoxic effects independent of the presence of an immune effector cell. The most common 

mechanisms involve the activation or blockade of signaling pathways, leading to reduced cell 

proliferation and increased apoptosis16. Antibodies have been developed that can bind to either a growth 

factor that promotes cell proliferation (or to its respective receptor) to hinder receptor-ligand interaction 

and to abrogate cell signaling. Receptors responsible for proliferation are often upregulated in cancer 

cells such as EGFR and HER216. Cetuximab for example is an EGFR specific chimeric IgG1 antibody 

that induces cell cycle arrest and apoptosis in tumor cells and is used for the treatment of patients with 

colorectal cancer and squamous cell carcinoma of head and neck17. A similar mechanism is adopted by 

trastuzumab, a humanized monoclonal IgG1 antibody approved for breast cancer that blocks 

dimerization of the HER2 receptor11.  

1.1.3.2 Indirect mechanisms 

Indirect mechanisms of monoclonal antibodies involve immune effector functions, mainly mediated by 

the Fc part of the antibody, except for T cell engagement. Upon antigen binding, antibodies can induce 

antitumor immune responses by activating the complement system or by recruiting immune cells via Fc 

binding. Immune cells express different Fc receptors (FcR), and depending on the isotype of the 

antibody, the FcR binding site varies along the CH domains16,18. Antibody-dependent cellular 

cytotoxicity (ADCC) against tumor cells involves natural killer (NK) cells, monocytes, or 

polymorphonuclear cells (PMN), while macrophages are the effector cells in antibody-dependent 

cellular phagocytosis (ADCP)16,18,19.  

The human immune effector cells carry six different FcR for binding IgG antibodies: FcgRI (CD64), 

FcgRIIa-c (CD32a-c), and FcgRIIIa,b (CD16a,b). FcgRI has the highest IgG binding affinity20. 

Interestingly, FcgRIIb and FcgRIIIb cannot induce ADCC or ADCP, because these receptors lack the 

immunoreceptor tyrosine-based activation motif (ITAM) in their intracellular domain20. Instead, 

FcgRIIb has an immunoreceptor tyrosine-based inhibitory motif (ITIM), while FcgRIIIb is a 

glycosylphosphatidylinositol (GPI) linked receptor and lacks an intracellular domain20. In addition to 

FcgR, myeloid cells also share the activating FcaR (CD89), which can induce IgA-mediated ADCC and 

ADCP, this is further described in the sections 1.2.1 and 1.2.221.   

Fc-mediated effector functions include also complement-dependent cytotoxicity (CDC)16,18. The 

complement cascade starts with recruitment of the C1q, which binds to the CH2 domain of the antibody 
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close to the FcR binding site22. C1q is a hexavalent molecule that activates the classical pathway of the 

complement cascade resulting in tumor cell killing by the membrane attack complex (MAC). CDC can 

be induced most efficiently by IgG3, IgG1 and IgM antibodies, however, some evidence exists that also 

IgA can induce CDC23. Antibodies that have been reported to induce CDC are for example the CD38 

antibody daratumumab and type I CD20 antibodies like rituximab and ofatumumab24. The release of 

some complement components such as the anaphylatoxins C3a and C5a is important for the recruitment 

of  immune cells25,26. The opsonization with C3b and C4b can further activate certain complement 

receptors (CR) on immune effector cells which leads to complement-dependent cellular cytotoxicity 

(CDCC) and complement-dependent cellular phagocytosis (CDCP)25,26.  

In addition to antibodies that induce immune cell activation, therapeutic antibodies that trigger anti-

tumor effects through T cells are widely used in the clinic. These include, for example bispecific 

antibodies (BsAb) that can simultaneously bind to two different types of antigens on the same cell or on 

different cells, thus bringing cells in close contact27. Blinatumumab is a bispecific T-cell engager (BiTE) 

approved for the treatment of refractory or relapsed B-cell precursor acute lymphoblastic leukemia 

(BCP-ALL )27. It consists of two covalently linked antibody single-chain variable fragment (scFv) units, 

composed of the antigen-binding variable domains of the light and heavy chains of an immunoglobulin. 

One of the scFv fragments is directed against the B-cell antigen CD19, while the other fragment binds 

to the CD3 receptor on T cells. This leads to the activation of the T cell, which releases lytic granules to 

kill the tumor cell. BiTE activity is Fc-independent since most of the T cells do not express FcR. In 

2024, eleven BsAb have been approved for cancer therapy, and nine of them are BiTE, other BsAb have 

a versatile mode of action and engage other immune cells27.   

Antibodies that block inhibitory receptors on immune cells or their ligands belong to the group of 

immune checkpoint inhibitors and orchestrate the immune response against cancer by preventing T-cell 

inactivation. Immune checkpoint inhibitors are widely used in the clinic and are approved for different 

cancers, these will be described in paragraph 1.328.  
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Figure 3: Effector functions of monoclonal antibodies.  

Effector functions of monoclonal antibodies can be divided into direct and indirect mechanisms. Direct 

mechanisms are induced by the Fab fragment upon growth factor receptor or ligand binding. Indirect mechanisms 

involve immune effector functions and are mainly mediated by the Fc part of the antibody to activate the 

complement cascade or immune cells for cellular cytotoxicity or phagocytosis. PD-1, programmed cell death 

protein 1; PD-L1, programmed cell death protein 1 ligand; CDC, complement dependent cytotoxicity; MAC, 

membrane attack complex; ADCC, antibody-dependent cellular cytotoxicity, ADCP, antibody-dependent cellular 

phagocytosis; NK, natural killer; FcR; Fc receptor; CD3, cluster of differentiation 3; BiTE, bispecific T-cell 

engager16. 

1.1.4 Cancer antigens as clinical targets 

Cancer antigens can be divided into tumor-specific antigens (TSA) and tumor-associated antigens 

(TAA).  TSA are unique antigens expressed solely by tumor cells and not by normal cells, while TAAs 

are also expressed by normal cells although at lower levels than in cancer cells. TAA are often 

overexpressed in solid cancers and used as therapeutic targets. Some TAA belong to the ErbB family, 

which consists of four receptors with tyrosine kinase activity: EGFR, HER2, ErbB3 and ErbB4. A 

peculiarity of this family is the dimerization of two HER receptors after ligand binding that induces 

receptor phosphorylation and activation of numerous downstream signaling pathways29. EGFR (or 

HER1), is frequently overexpressed in almost half of glioblastomas and in many other epithelial tumors 

including cancers of the head and neck, ovary, cervix, bladder, esophagus, stomach, endometrium, 

colorectal and breast29. Amplification of EGFR is frequently associated with mutations that results in 

ligand-independent constitutive activation of the receptor29. The first EGFR antibody approved 

clinically was cetuximab, a chimeric IgG1 mAb used for the treatment of patients with head and neck 

squamous cell carcinoma (HNSCC) or metastatic colorectal cancer17. Panitumumab against EGFR is a 

newer fully human IgG2 antibody applied in metastatic colorectal patients13,30. Both antibodies bind 
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overlapping epitopes on EGFR, inhibit ligand binding and signal transduction and both mediate 

ADCC31.  

HER2 is overexpressed in 25-30 % of breast cancer cases due to gene amplification and confers a 

particularly aggressive form32,33. Overexpression appears to be the principal mechanism by which HER2 

mediates cancer growth and spread while mutations in HER2 are rarely found in cancer32,34. The most 

clinically used antibody against HER2 positive breast cancer is trastuzumab, a humanized IgG1 mAb11. 

Besides inhibition of ligand binding, numerous alternative hypotheses to explain the mechanism of 

activity of trastuzumab have been proposed, including inhibition of HER2 dimerization, inhibition of 

HER2 shedding, promoting HER2 degradation and ADCC11,35. Trastuzumab is applied as monotherapy 

or in combination with chemotherapies, however, not all HER2 positive patients respond, and resistance 

may occur11,35.  

Other proteins than growth factor receptors that are often targeted in cancer therapy are antigens on 

leukocytes designated as cluster of differentiation (CD). CD20 is a specific B-cell marker that is 

expressed at certain differentiation stages during B-cell development and is widely used as target for 

certain B-cell malignancies36. CD20 is a transmembrane protein of the membrane-spanning 4A gene 

family and has no known natural ligand. However, it has been shown to be involved in calcium 

channeling, B-cell activation, and proliferation36. CD20 antibodies can be divided into type I and type 

II antibodies based on their ability to build lipid rafts. Type I CD20 antibodies (e.g. rituximab and 

ofatumumab) can reorganize CD20 molecules into lipid rafts and efficiently activate CDC, while type 

II CD20 antibodies (e.g. obinutuzumab) poorly activate complement, but are capable to directly induce 

cell death37. Both types are capable of inducing ADCC and only type II induce programmed cell death 

via a caspase-independent pathway38. Today, several CD20 antibodies are approved clinically for 

various indications such as rituximab for B-cell non-Hodgkin's lymphoma (B-NHL), obinutuzumab for 

chronic lymphocytic leukemia (CLL), and ofatumumab for multiple sclerosis24.  

1.2 Myeloid cells in cancer 

Myeloid cells constitute the major cell compartment of the innate immune system and some of their 

classical roles include protecting the organism from pathogens, wound healing after injury, homeostasis 

maintenance, and resolution of inflammation15. Myeloid cells originate from the bone marrow and 

consist of granulocytes, monocytes and platelets15. Monocytes are blood circulating cells that migrate 

into the tissues to differentiate into macrophages or dendritic cells15. The functional role of myeloid cells 

in cancer and its microenvironment is not clearly defined and under controversial debate. Three 

terminally differentiated myeloid cell populations occupy a central role in cancer immunology: dendritic 

cells (DCs), macrophages, and granulocytes (primarily neutrophils)39. In the following sections the focus 

is laid on macrophages and neutrophils.  
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1.2.1 Macrophages in cancer 

The microenvironment of solid cancers is populated by fibroblasts, endothelial cells and immune cells. 

Within the infiltrating immune cells, macrophages represent one of the largest populations39. Tumor-

associated macrophages (TAM) have a high plasticity that reflects their dual role in cancer40.  The 

activation states of macrophages differ depending on the stimuli: classically activated M1 macrophages 

and M2 macrophages activated by alternative pathways40. The classical pathway is driven by microbial 

toll-like receptor (TLR) ligands like lipopolysaccharides (LPS) or interferon (IFN)-ɔ released by T 

helper (Th)1 and NK cells40. M1 polarization is associated with tissue damage and phagocytic tumor 

cell killing leading to a pro-inflammatory state40. In contrast, M2 macrophages are activated by IL-4 and 

IL-13 released by Th2 lymphocytes and are considered anti-inflammatory macrophages, promoting 

tissue repair40. TAM with an M2-like phenotype contribute to cancer progression and metastasis by 

promoting tumor cell survival and proliferation, remodelling the extracellular matrix by 

metalloproteases, promoting angiogenesis, and suppressing an immune response by cytokine 

secretion40. On the other hand, macrophages have also an important role in mediating the anti-tumor 

activity of chemotherapeutic agents, radiation and antibodies41. In antibody-based cancer therapy, 

macrophages can kill tumor cells mediated by ADCP through expression of activating Fcg receptors41. 

Aditionally, macrophages are important targets of checkpoint blockade approaches (explained in 

paragraph 1.3)41. 

1.2.2 Neutrophils in cancer 

Neutrophils are the most abundant cells in the human blood circulation and are rapidly recruited to 

injured tissues as a first line of defense against infections. Tumor associated neutrophils (TAN) are 

characterized by a large heterogeneity and can display pro-tumorigenic or anti-tumorigenic functions42. 

The presence of neutrophils in the tumor microenvironment is considered an unfavorable prognostic 

marker42,43. In mice, TAN have been categorized as N1 and N2 neutrophils, similar to macrophages, 

depending on their tumor suppressive (N1) or tumor supporting (N2) features44. Different neutrophil 

subpopulations have been described in cancer patients: high density neutrophils are associated with anti-

tumor activity, while low density neutrophils display pro-tumor activity and a myeloid-derived 

suppressor cell (MDSC) phenotype45. The tumor promoting functions of neutrophils involve cancer cell 

proliferation, migration, invasion and angiogenesis42. Also, neutrophil extracellular traps (NET) in the 

tumor microenvironment (TME) promotes cancer cell migration and angiogenesis42,46. Neutrophils can 

also mediate T-cell immunosuppression by degranulation of arginase-1 and T-cell apoptosis induction 

by H2O2 produced during oxidative burst46. On the other hand, neutrophils have been reported to be 

required in the eradication of antigen heterogenous tumors by T-cell immunotherapies47. Importantly, 

neutrophils have also anti-tumorigenic activity. While only few direct mechanisms of neutrophil 

mediated cancer cell killing have been reported, such as by respiratory burst, degranulation, or apoptosis 

induction48ï50, the most efficient mechanisms performed by neutrophils to eliminate cancer cells are 
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mediated by antibodies. For example, neutrophils can phagocytose small B-cell chronic lymphocytic 

leukemia cells in the presence of targeting antibodies51. However, the most efficient mechanism of tumor 

cell killing by neutrophils is trogocytosis, a mechanical process of ADCC in which membrane parts of 

antibody-opsonized cancer cells are nibbled, thereby damaging the cell integrity19. When trogocytosis 

results in necrotic tumor cell death, it is referred to as trogoptosis, a mechanism that does not involve 

degranulation and oxidative burst19. In general, antibodies drive neutrophils mediate cancer killing by 

engaging FcRs on the neutrophil surface52. Neutrophils constitutively express FcgRIIa, FcgRIIIb, and 

FcaRI, while FcgRI is only expressed upon activation of neutrophils with granulocyte-colony 

stimulating factor (G-CSF) and INFg52. FcgRIIa is the most dominant FcgR triggering ADCC53, while 

FcgRIIIb is a negative regulator of neutrophil ADCC as it scavenges IgG1 antibody due to its high 

expression on the neutrophil surface. Indeed approved IgG1 antibodies poorly activate neutrophils54. 

Targeting FcaRI on neutrophils with IgA antibodies induces more potent ADCC compared to FcgR 

even if less expressed than either one of the FcgR55. The potent neutrophil cytotoxic responses induced 

by IgA antibodies can be attributed to the higher avidity compared to IgG, given the bivalent binding to 

FcaRI55. Therefore, IgA antibodies are promising tools to be used to recruit neutrophils in cancer 

immunotherapy, however, their clinical development is limited by the lack of an FcaRI homolog in 

mice and a reduced serum half-life in humans (5-6 days compared to 21 days of IgG). Nevertheless, 

genetic engineering has allowed the creation of FcaRI transgenic mice and IgA antibodies with extended 

half-life, giving hope to the clinical development of IgA therapies56,57.  

1.3 Immune checkpoints 

The immune system is tightly controlled to discriminate between infected or malignant cells and healthy 

cells and to prevent an immune response under normal physiological conditions. An excessively 

activated immune system can lead to acute or chronic inflammation and is often the cause of 

autoimmune diseases. Immune checkpoints are part of the important mechanism by which self-tolerance 

is maintained and autoimmune damage of healthy tissue is prevented. However, cancer cells often 

misuse immune checkpoint receptors by upregulating their ligands to escape the immune surveillance28.  

1.3.1 T-cell immune checkpoints 

Research on immune checkpoints originated in studies on T-cell surface inhibitory molecules performed 

by James Allison and Tasuku Honjo. The inhibitory molecule CTLA-4 (cytotoxic T-lymphocyte 

associated protein-4, CD152) competes with the co-stimulatory receptor CD28 for the binding of CD80 

or CD86 on antigen presenting cells leading to T-cell inactivation. Allison´s group showed that an 

antibody against CTLA-4 resulted in cancer rejection58. In parallel, Honjo´s lab investigated the 

inhibitory programmed cell death protein 1 (PDï1) receptor on T cells which is regulated by 

programmed death-ligand 1 (PDïL1)59. PD-L1 is expressed by antigen presenting cells and 

overexpressed by some cancer cells. Binding of the ligand to the PD-1 receptor impairs T-cell function 
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and cytokine production and induces apoptosis of T cells. Blocking of PD-1 and PD-L1 increases T-cell 

activation and proliferation28. 

James Allison and Tasuku Honjo were awarded the Nobel Prize in Physiology and Medicine in 2018 

for their discovery of cancer therapy by inhibition of negative immune regulation. Indeed, with the 

discovery of immune checkpoints cancer therapy has been revolutionized and nowadays several drugs 

that target T-cell immune checkpoints are widely used clinically. The most clinically successful immune 

checkpoint inhibitors are the monoclonal antibodies ipilimumab (targeting CTLA-4), nivolumab and 

pembrolizumab (targeting PD-1), atezolizumab and avelumab (targeting PD-L1) used as single drugs or 

often in combination with others, giving remarkable efficacy in the treatment of melanoma, non-small 

cell lung cancer (NSCLC), renal and bladder cancers28. However, not all cancer patients respond to these 

types of therapy. For this reason, this first generation of immune checkpoint inhibitors restricted to T 

cells has also inspired the research for checkpoints on other immune cells. 

1.3.2 Myeloid cell checkpoints 

The first and very promising immune checkpoint identified on myeloid cells is the inhibitory receptor 

signal regulatory protein alpha (SIRPŬ) which interacts with integrin associated protein (IAP)/CD47 on 

cancer cells60. SIRPŬ consists of three extracellular Ig superfamily (IgSF) domains, with a CD47 ligand 

binding V-domain, a transmembrane domain, and an ITIM as intracellular domain. SIRPŬ is exclusively 

expressed on myeloid cells (monocytes, macrophages, granulocytes, and myeloid dendritic cells) and 

microglia. CD47 is expressed on all cells in the human body and is a type I transmembrane protein of 

the Ig superfamily, with an Ig-like extracellular domain, five transmembrane domains and an 

intracellular domain. The interaction between CD47 and SIRPŬ initiates an inhibitory downstream 

signaling in myeloid cells that restricts thier phagocytic function60. Physiologically, CD47 functions as 

a ñselfò or ñdonËt eat meò signal, and the first evidence came from red blood cells, that by aging gradually 

lose their CD47 expression and are cleared by macrophages61. 

The group of Weissman translated these findings in the context of cancer immune escape, describing 

how leukemic cells hijack the CD47-SIRPŬ interaction by upregulating CD47 to evade immune 

surveillance by phagocytes62. CD47 is known to be upregulated in patients of different cancer types and 

is nowadays considered a poor prognostic marker63,64.  Several preclinical studies reported that the 

clearance of cancer cells can be promoted by blocking the CD47-SIRPŬ axis thereby improving 

macrophage mediated ADCP and PMN mediated ADCC65ï67. Until today, a number of therapeutic 

approaches targeting the CD47/SIRPŬ axis have been developed and are under clinical investigation. 

These include antibodies against CD47 and SIRPŬ, SIRPŬ-Fc decoy receptors, and bispecific 

antibodies68. The human CD47 antibody Magrolimab (Hu5F9-G4) was the most advanced molecule 

approaching the clinic68,69. Since CD47 is also expressed by healthy cells, in particular red blood cells, 

CD47 antibodies are often used as IgG4 Fc scaffold in order to minimize target toxicity such as anemia68. 

However, the anti-tumor activity of CD47 antibodies has been shown to require an activating signal 

through Fc-FcɔR interactions in parallel, being consistent with studies that demonstrated that CD47 
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IgG4 antibodies are more effective in combination with tumor targeting antibodies than alone in the 

treatment of non-Hodgkin lymphoma70,71. Unfortunately, the clinical trial of Magrolimab in combination 

with azacitidine for the treatment of acute myeloid leukemia (AML)  with TP53 mutation has been 

discontinued, because of toxicities and lack of efficacy compared to the standard of care68,69. 

Nevertheless, Magrolimab has confirmed the scientific rationale to target myeloid checkpoints in cancer, 

opening so new therapeutic perspectives. 

Indeed, other less well studied immune checkpoint molecules are gaining attention in preclinical 

studies72. This includes the leukocyte immunoglobulin-like receptor (LILR) family72. Receptors of 

subfamily B (LILRB) have an ITIM motif, which was demonstrated to negatively regulate myeloid cell 

maturation and activation. LILRB1 was also shown to mediate protection of cancer cells from 

phagocytosis via interaction with the Major Histocompatibility Complex (MHC) class I component ɓ2-

microglobulin on cancer cells73. Therapeutic antibodies blocking a second family member LILRB2, 

promoted a pro-inflammatory and a tumor-suppressive microenvironment74. Ligands of LILRB2 have 

not been identified yet. Disruption of LILRB signaling axis resulted in increased phagocytosis, 

suggesting this interaction as important regulator of the effector functions of myeloid cells73,74. 

The family of sialic acid-binding immunoglobulin-like lectins (Siglecs) include also inhibitory receptors 

expressed by immune cells. Siglecs interact with the monosaccharide sialic acid, and since impaired 

glycosylation is common in cancer, the sialic acid-Siglec interaction is emerging as potential novel target 

for cancer immunotherapy and will be discussed in more detail in the next paragraph 1.475.  

1.4 Glycosylation in cancer  

Glycans are carbohydrates widely present in nature as free sugars or conjugated to nucleic acids, 

proteins, lipids and metabolites and essential for all living organisms76.  In the last decades, the glycome 

has been studied as one of the building blocks essential to life, next to the genome, transcriptome, 

proteome, metabolome and lipidome76. Among all groups, glycans are the most structurally diverse and 

rapidly evolving class of molecules, with an underlying variety of biological roles76.  

1.4.1 Glycan structures and biological roles 

Glycans are compounds that can be hydrolyzed into simplified units called monosaccharides (Figure 4) 

linked together by glycosidic bonds. Monosaccharides as parts of oligosaccharides are typically in the 

ring form generating an anomeric center. The glycosidic bond involves the linkage of two 

monosaccharides via the hydroxyl group of the anomeric center, which can be a linkages or b linkages 

depending on the relation of the oxygen to the anomeric center. The a linkages or b linkages between 

monosaccharides confer different growing glycan structures and biological roles77. The process that 

attaches a glycan to a protein or other molecule is named glycosylation, it is a form of post-translational 

modification taking place in the rough endoplasmic reticulum (ER) and the Golgi apparatus77.  
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Figure 4: Common monosaccharide units of mammalian glycoconjugates.  

Abbreviations of the monosaccharides are shown in brackets (modified after77). 

Major classes of glycoconjugates involve glycolipids, proteoglycans, and glycoproteins. Glycolipids are 

oligosaccharides usually attached via glucose or galactose to the terminal hydroxyl group of the lipid 

moiety ceramide. Gangliosides for example are anionic glycolipids with one or more terminal residues 

of the negatively charged monosaccharide sialic acid. A proteoglycan is a protein based glycoconjugate 

having one or more covalently attached glycosaminoglycans (GAGs), long linear polysaccharides of 

repetitive disaccharides units. Glycoproteins are polypeptides carrying N- or O-linked glycan chains. N-

linked glycans are attached to a nitrogen atom of an asparagine (Asn) residue in the sequence context 

Asn-X-serine (Ser) or Asn-X-threonine (Thr). N-glycans share a common pentasaccharide core region 

and can generally be divided into a high-mannose type, a hybrid type and a complex type (Figure 5). O-

glycosylation mainly results in the linkage of N-acetyl galactosamine (GalNAc) to Ser or Thr residues 

of proteins. O- glycans are normally less branched than N-glycans and involve eight different core 

subtypes which differ in the type and linkage of their monosaccharide units (Figure 5)77.  

 

Figure 5: Structure of N- and O-glycosylation in glycoconjugates.  

(Left) Different N-linked glycosylation at an asparagine (Asn) residue of a protein is depicted. (Right) Different 

cores of O-glycosylation linked to serine (Ser)/threonine (Thr) residues of proteins are shown. Each square or 

circle stands for a specific monosaccharide unit (see Figure 4). Black lines are glycosidic bonds and Ŭ and ɓ stands 

for which hydroxyl group of the neighbouring monosaccharide is involved in the glycosidic bond. SialylT, sialyl 

T antigen; Tn, Thomsen-nouvelle antigen; sTn, sialyl-Thomsen-nouvelle antigen (modified after77). 
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Regarding the multiple and different biological roles of glycans, Varki proposed a broad classification: 

the structural and modulatory role, extrinsic recognition of glycans, intrinsic recognition of glycans, and 

molecular mimicry of host glycans76. 

The broadest category regards the structural and modulatory roles of glycans. For example blood plasma 

is rich of glycosylated proteins, because hydrophilic and acidic glycans contribute to macromolecules 

water solubility76. Lubrification is also an important role of glycans. Mucins, for example cover hollow 

organs and are remarkably efficient lubricating substances, and hyaluronan is essential for body fluids 

such as synovial fluid in joint cavities76,77. They also play an important role in the diffusion barriers, 

maintaining the integrity of the blood plasma filtration in the kidney76. Steric hindrance, for example 

given by heavily O-glycosylated mucins, and negative charge of some sialylated glycans protects 

proteins from protease degradation76. Additionally, sulfate GAGs and hyaluronan organize extracellular 

matrix structures such as the basement membrane and cartilage76. Polymeric glycans, like glycogen, 

serve as long-term nutritional storage of glucose of animal cells76.  

Furthermore, glycans have also many roles in the recognition of extrinsic cells. For example adhesins 

from, Helicobacter, but also other bacteria, recognize and adhere to gastric glycans76. Influenza virus 

infects cells through the binding of hemagglutinin to sialylated proteins on the host cell surface78.  

To the intrinsic roles of glycans count the intracellular glycoprotein folding, degradation and the 

intracellular glycoprotein trafficking of the mannose 6-phosphate pathway76. Regarding intercellular 

adhesion, O-glycosylated lectins such as selectins are needed by leukocytes to migrate between 

endothelial cells in tissues during inflammation79. Some specific glycan residues help in the clearance 

of damaged glycosylated proteins and aged cells76. O-glycans also play a key role in the determination 

of ABO blood group antigens, clinically important for blood transfusions76.   

Additionally, glycans can also act as self-associated molecular patterns (SAMPs) to inhibit clearance by 

immune cells80. However, pathogens have evolved ways to mimic host glycans, especially sialic acids 

to hijack the SAMPs mechanisms80.  

1.4.2 Sialic acid 

Sialic acids represent a group of monosaccharides that typically terminate N- and O-glycan chains as 

well as glycosphingolipids. Sialic acids derive from neuraminic acid, an acidic sugar with a nine-carbon 

backbone and a five-carbon ring81. More than 80 variations of sialic acids have been identified so far, 

more than 30 types by the group of Prof. Roland Schauer at Kiel University81. Sialic acids can differ by 

their oxidation, acetylation, sulfation or methylation status81. Sialic acid can have an N-acetyl 

neuraminic acid (Neu5Ac) (Figure 6) or a hydroxyl group (2-keto-3-deoxynononic acid-KDN) at the 5-

carbon position. The N-acetyl group can also be hydroxylated, resulting in N-glycolylneuraminic acid 

(Neu5Gc). The responsible enzyme is lost in humans and Neu5Gc can only be supplied with nutrition, 

but is often linked to diseases77. Sialic acid can be differently linked to the underlying galactose via Ŭ2,3 

or Ŭ2,6 glycosidic bond (N- and O-glycosylation) or with a Ŭ2,6 glycosidic bond to GalNAc (O-

glycosylation). Repetitive units of poly sialic acids are linked with an Ŭ2,8 glycosidic bond77,81.  
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The biosynthesis of sialic acid starts in the cytosol with Neu5Gc from diet or fructose-6-phosphate from 

glycolysis, these are transformed by the enzymes uridine diphosphate (UDP)-GlcNAc-2 epimerase 

(GNE) and ManNAc kinase (MNK) to N-acetyl mannosamine-6P (ManNAc-6-P). ManNAc-6-P is then 

converted by N-acetylneuraminic acid- synthase and -phosphatases (NANS and NANP) to Neu5Ac77,81. 

The free sialic acid is activated to yield the nucleotide donor cytidine-5 -́monophsophate (CMP)-Sia by 

cytidine monophosphate Neu5Ac synthetase (CMAS) in the nucleus and is then transported into the 

Golgi. In the Golgi, sialyltransferases (ST) (20 in humans), type-2 membrane proteins with different 

linkage-specificities, transfer the sialic acid from the CMP donor to the newly synthesized 

glycoconjugates generating a2,3/a2,6/a2,8 linked glycosidic bonds77,81. Once attached, sialic acids can 

again be removed from the glycoconjugate by sialidases or neuraminidases (NEU). There are four 

isoenzymes of human sialidase, which are localized in distinct cellular compartments (surface, cytosolic, 

lysosomal) and have distinct tissue expression and substrate preferences82.  

 

Figure 6: Chemical structure of N-acetyl neuraminic acid.  

N-acetyl neuraminic acid (Neu5Ac) has a nine-carbon backbone (depicted with red numbers) with a five-carbon 

ring. The fifth carbon usually carries an N-acetyl group, while a glycerol is linked to the sixth carbon. The carboxyl 

group (COOH) is strongly hydrophilic and can act as an acid by losing a proton to form a negatively charged 

carboxylate ion (COO-)81. 

The functional roles of sialic acid are numerous and can be summarized as providing biological masking 

in form of SAMPs, serving as a binding site for pathogenic infection, and being a biological ligand of a 

variety of molecules such as hormones, lectins, antibodies, and other immunological molecules81.  

Sialic acid regulates cellular interactions because of its negative charge, that causes electrostatic 

repulsion between cells. Removal of sialic acid reduces this net charge and the hydrophilicity of the cell 

surface76. Desialylation of glycan chains unmasks underlying monosaccharides as galactose on blood 

circulating cells or glycoproteins favoring their clearance from the circulation through the asialo-

glycoprotein receptor (ASGPR) on Kupffer cells and hepatocytes77,83. In this way, sialylation regulates 

the lifetimes of soluble serum glycoproteins and cells80,84. As soon as sialic acid is lost, the molecules 

and cells become non-self and they are recognized by the defense system of the organism and are 

eventually destroyed. Pathogens and cancer cells hijack this SAMPs recognition by adopting sialylated 

glycans of host cells in a process called molecular mimicry85.  

Additionally, sialic acids serve as host receptors for microbes, bacteria, and viruses83,86. For example, 

influenza A virus infection is initiated by binding of the viral envelope protein hemagglutinin to 

epithelial cell surface-exposed sialic acid receptors78. Helicobacter pylori binds with its adhesins to 

sialic acid specific sites on oral and gastric mucins87.  
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Plant lectins recognizing sialic acid are Wheat germ agglutinin (WGA), accepting Neu5Ac and (ɓ1,4)-

linked GlcNAc residues, Sambucus nigra agglutinin (SNA) from the bark of the elderberry bush, 

recognizing (Ŭ2,6)-linked sialic acid to galactose, and Maackia amurensis lectin (MAL), specific for 

(Ŭ2,3)-linked sialic acid to galactose88. The sialic acid binding lectins are believed to protect plants from 

pathogenic microorganisms and fungi, as well as from herbivorous animals, because SNA provokes 

toxic effects in animals and creates a reaction of avoidance81.  

Sialic acid can also regulate inflammatory processes and immunological responses by being a binding 

partner of selectins, Factor H and Siglecs. Selectins are a family of adhesion molecules expressed on 

endothelial and other cells. They interact with the tetrasaccharides sialyl Lewis A and X (sLeA and sLeX) 

on leukocytes favoring their extravasation from the blood circulation into the surrounding tissue during 

inflammation79. Cell surface sialic acid can also regulate fluid phase innate immunity by binding to the 

serum complement inhibitor Factor H thereby blocking alternative complement pathway activation89. 

Siglecs as sialic acid binding partners will be further explained in the next section. 

1.4.3 Siglecs 

Siglecs are sialic acid-recognizing lectins and constitute a family of immunomodulatory receptors that 

belong to the type-I lectin family differently expressed on mainly immune cells. Siglecs are divided into 

two groups based on their sequence similarity and evolutionary conservation (Figure 7). Interestingly, a 

subset of distantly related Siglecs are conserved in mammals (sialoadhesin/Siglec-1, CD22/Siglec-2, 

MAG/Siglec-4 and Siglec-15), while the second subset in humans consists of eleven CD33-related 

Siglecs encoded by chromosome 19q, which share 50 % - 99 % identity79. Siglecs have an extracellular 

amino-terminal V-set domain that binds sialic acid, followed by several Ig-like domains, a 

transmembrane domain and a carboxy-terminal cytoplasmic tail carrying activating or inhibiting motifs. 

Nine of the CD33-related Siglecs are inhibitory receptors carrying ITIM in their intracellular domain. 

These become phosphorylated upon ligand binding and recruit tyrosine phosphates like SHP-1 and 

SHP-2, which ultimately results in immunosuppressive signaling90. A minority of Siglecs have a basic 

residue in the transmembrane domain which interacts with the adaptor protein DAP12 which contains 

an ITAM to initiate signaling and are therefore considered activating Siglecs79.  
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Figure 7: The human Siglec family.  

Sialic acid-binding immunoglobulin-type lectins (Siglecs) are single-pass transmembrane proteins with mostly 

one V-set Ig domain, and variable numbers of C2-set Ig domains in the extracellular portion. The V-set domain is 

responsible for sialic acid binding. Except for Siglec-1, -14, -15, and -16, the intracellular domain contains an 

immunoglobulin tyrosine-based inhibitory motif (ITIM) and an ITIM-like motif. Expressions of the single Siglecs 

on immune cell populations are indicated. ITAM, immunoreceptor tyrosine-based activating motif; ITSM, 

immunoreceptor tyrosine-based switch motif; GRB2, growth factor receptor bound protein 2; FYN, proto-

oncogene tyrosine protein kinase FYN; NK, natural killer; (modified after79). 

Siglecs can bind sialic acid in cis (on the same cell) and trans (on a different cell) and the interaction is 

important for regulating the functions of Siglecs91. Some Siglecs show a characteristic specificity profile 

for different sialylated glycan structures, however, other Siglecs have a broader binding spectrum and 

their overlapping specificities may result in similar functions (Figure 8)90. The crystal structures of 

Siglec-1 and Siglec-7 show that a conserved essential arginine in the N-terminal Ig domain of the Siglec 

binds the sialic acid at its negatively charged carboxyl group forming a salt bridge92,93. A highly variable 

C-C´ loop of the V-set in Siglec-7 is important for its specificity for disialylated structures94.  

While MAG/Siglec-4 and Siglec-6 are exclusively expressed by Schwann cells and placental 

trophoblasts, the other Siglecs are mainly found on hematopoietic and immune cells (Figure 7)90. 

Siglec-1 is structurally the largest Siglec and is expressed mainly by macrophages and monocytes79,95. 

CD22/Siglec-2, which is exclusively expressed on B cells, is the best studied Siglec with known 

inhibitory function and regulating cell survival96. CD33/Siglec-3 is a myeloid-cell specific surface 

marker and also Siglec-5 is mainly restricted to myeloid cells90,97. Interestingly, the Siglec-13 gene is 

deleted in humans, and Siglec-12 has lost the arginine required for sialic acid binding79. Siglec-7, -8, -9, 

and -10 are shared by different immune cells: Siglec-7 has been shown to be a key regulator for NK 
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cells, while Siglec-8 and Siglec-9 are mainly expressed by eosinophils and neutrophils, respectively79,90. 

Siglec-11 and -16 are mainly found in tissue macrophages and in the brain79,90. 

In contrast, mice express only five CD33-related Siglecs, but with similar structures as the human ones, 

and a different nomenclature is employed: Siglecs are numbered in humans and lettered in mice. Within 

the mouse Siglecs containing an ITIM as intracellular signaling motif, Siglec-F (a structural orthologue 

of human Siglec-8) is found mainly on eosinophils, and Siglec-G (similar to human Siglec-10) on B 

cells. Siglec-E is the orthologue of human Siglec-7 and -9 and is expressed by neutrophils, monocytes 

and dendritic cells90. Recently, Ravetch et al. developed the first immunocompetent transgenic murine 

model expressing human Siglec-7 and -9 thus opening new opportunities in the research of human 

Siglecs98.  

 

Figure 8: Relative affinities of selected Siglecs for sialoglycan sequences90.  

Sialoside specificities were obtained from glycan array analysis and competitive binding experiments, reported 

and adapted from Crocker et al. 2007. White rhomb represents Neu6Gc, the other symbols are explained in Figure 

4. S, sulphate; +++, strong binding; ++, moderate binding; +, low binding; 0, no detectable binding; ND, not 

determined. 

1.4.4 Sialic acid/Siglec as a novel immune checkpoint in cancer 

Given the important role of sialic acid in immune response regulation, its alterations are tightly linked 

with several diseases, including cancer99,100. Among various glycosylation changes, cancer cells from 

different origins increase their cell surface sialoglycans favoring cancer growth, progression and 

immune escape (Figure 9). Hypersialylation correlates with poor prognosis101. 

One of the main function of sialoglycans is to serve as SAMPs, which helps to differentiate between 

self and non-self and dampen the immune system84,85. Like pathogens, cancer cells may evade the 

immune system by mimicking host cell sialylation. The underlying cause of surface hypersialylation of 

cancer cells is the upregulation of sialyltransferases or the alteration of neuraminidase expression100,102. 

For example, expression of many sialyltransferases that attach sialic acid by Ŭ2,6 linkage are increased 

in malignant cancers of the breast, colon, ovarian, and pancreas103. High sialyltransferase expression is 
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associated with an invasive phenotype and poor clinical outcome103,104. Overexpression of ST6Gal1 

induces hypersialylation of the apoptosis inducing Fas cell surface death (FAS) receptor thereby 

preventing ligand binding and cellular apoptosis105. Alpha 2,3 linked sialic acid expression is also 

increased in breast cancer cells and correlates with high metastatic potential and an advanced cancer 

grade106. ST3GAL3 is overexpressed in leukemic B cells compared to healthy B cells resulting in 

enhanced sialylation, and aberrant sialyltransferase expression positively correlates with increased risk 

of leukemia development and drug resistance107,108. 

High sialylation enhances cellular repulsion to other cells and forces the detachment from the 

extracellular matrix, thereby improving cancer cell migration through endothelial selectins109. The 

endothelial selectins ligands sLeA and sLeX, as well as the truncated O-glycan sialylated T antigen (sTn), 

are considered cancer associated sialoglycans. They are found to be overexpressed in different 

carcinomas, including breast cancer, where they promote the epithelial-mesenchymal transition, a 

process essential for cancer metastasis109ï112.  As previously mentioned, sialic acid has been reported to 

inhibit alternative complement cascade by the recruitment of the complement inhibitor protein 

Factor H89.  

Furthermore, aberrant sialylation contributes to immune evasion through the inhibitory Siglec receptors 

on immune cells91. Indeed, the sialic acid-Siglec axis has been shown to create an immunosuppressive 

cancer microenvironment by inhibiting T- and NK-cell infiltration113ï115. Sialoglycans on cancer cells 

interfere with cytotoxic T-cell functions and prevent them from tumor cell killing84,116. Interesting, 

Siglec-9 is upregulated in tumor-infiltrating cytotoxic T cells of different cancers, correlates with poor 

prognosis84,116. Furthermore, Siglec-15 inhibits antigen-specific T-cell immune responses and its 

blocking resulted in suppression of cancer growth117. High expression of Siglec-7 and Siglec-9 ligands 

were detected in different histological types of cancer and Siglec-7 on NK cells was demonstrated to 

reduce cancer cell susceptibility to NK cell-mediated cytotoxicity118ï120. Various cancer cells transfected 

with sialylated glycopolymers were protected from NK mediated cell killing through the engagement of 

Siglec-7121.  

Similarly to NK cells, myeloid cells express high levels of Siglec-9 and -7 which regulate their life span 

in inflammatory responses to avoid tissue damage99,122. Furthermore, blockade of CD24 interactions 

with Siglec-10, expressed by tumor-associated macrophages, caused enhancement of phagocytic 

activity against solid cancer cells123. Recently, sialoglycans have been shown to function in trans and cis 

as ñdonôt eat meò and ñdonôt eatò signals engaging Siglecs on macrophages124,125. Siglec-9 was shown 

to reduce the cytotoxic activity of neutrophils against tumor cells in vitro and in vivo, and 

polymorphisms of Siglec-9 that inhibit ligand binding have been shown to be associated with a better 

survival of NSCLC patients126. Targeting human Siglec-7 and -9 on myeloid cells of transgenic mice 

showed promising therapeutic potential in cancer-targeting immunotherapy98. The shared expression of 

inhibitory Siglecs on different immune cells and the multiple roles of sialic acid mentioned above, make 

the sialic acid/Siglec axis a promising immune checkpoint to target for therapeutic purposes.  
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Figure 9: Sialic acid as immune checkpoint in cancer.  

Hypersialylation of cancer cells favours cancer growth and progression in different ways. Masking of receptor-

ligand binding can prevent the induction of apoptosis and promote cancer growth. Sialic acids can prevent the 

activation of the complement cascade by engaging Factor H. The binding of sialic acid to inhibitory Siglecs can 

suppress immune cell mediated cytotoxicity and phagocytosis, and drive macrophages towards a pro-tumorigenic 

phenotype. Sialyl Lewis antigens can promote cancer cell migration through selectin binding. TAM, tumor-

associated macrophages; FAS, Fas cell surface death receptor; GD2, diganglioside G2; TGF, Transforming growth 

factor; NK, natural killer; IL-10, interleukin 10; sLeX, sialyl Lewis X, (modified after van de Wall et al. 2020113). 

1.4.5 Therapeutic options to target the sialic acid/Siglecs axis 

In cancer immunotherapy, several different approaches have been developed that interfere with the sialic 

acid/Siglec interaction. One method is to directly target Siglecs as tumor-associated markers with monoclonal 

antibodies, already clinically applied in hematological malignancies127. Antibodies against Siglec-3 (CD33) 

on myeloid cells and against Siglec-2 (CD22) on B cells are linked to the toxin calicheamicin, which causes 

DNA damage. The ADC gemtuzumab ozogamicin against Siglec-3 and inotuzumab ozogamicin against 

Siglec-2 are approved by the FDA for the treatment of adults with AML and for adults with relapsed or 

refractory B-ALL, respectively128,129. Additionally, anti-CD33/CD3 or anti-CD22/CD3 targeting CD33 or 

CD22 are now in phase I trials for the treatment of AML and BCP-ALL , respectively127,130,131.  

Another approach that targets the interaction between Siglecs and sialic acid involves compounds that reduce 

sialic acid expression on cancer cells. The clinically most advanced agent is E-602, a bi-sialidase linked to 

an antibody-Fc fragment developed by Palleon Pharmaceuticals and currently in a phase I clinical trial132. 

The E-602 bi-sialidase reduces cancer sialic acid expression, however one limitation of this drug is the lack 

of specificity for cancer cells. To overcome this disadvantage, Palleon Pharmaceuticals has developed the 

Enzyme-Antibody-Glycan-Ligand-Editing (EAGLE) platform that involves the fusion of a sialidase to 
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human mAbs127. One example is the antibody-sialidase conjugate against HER2 for a more cancer specific 

targeting. The antibody conjugate showed enhanced NK cell mediated ADCC in vitro and improved 

antitumor immune response in mice through the engagement of myeloid cells133,134. Chimeric antigen 

receptor (CAR) T cells have been developed that carry the extracellular domains (ECD) of Siglec-7/-9 to 

target glycosylated antigens on cancer cells. The CAR T cells showed promising anti-tumor activity in vitro 

and in vivo135.  

Furthermore, Siglec antibodies have been developed to block the sialic acid/Siglec axis and prevent immune 

cell inhibition. Treatment with the Siglec-9 and Siglec-7 blocking antibodies resulted in reduced tumor 

burden by interfering with the myeloid cell inhibitory receptors in transgenic immunocompetent mice98. A 

novel approach to target sialic acid on tumor cells is to combine tumor targeting antibodies with Siglecs 

extracellular domain in bispecific molecules called antibody lectins (AbLecs), which were demonstrated to 

be more effective than conventional antibodies in mediating NK-cell ADCC and ADCP136. AL009 is an 

engineered human Siglec-9-Fc fusion protein in preclinical development that prevents immune inhibition 

while activating immune cells through its antibody Fc part137. The Siglec-15 antibody NC318 reverses T-cell 

suppression, thus preventing tumor growth. It is currently the furthest developed anti-glycan molecule in a 

multi-cancer clinical phase II  testing138. 
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1.5 Aim of the thesis 

In the last decade, considerable progress has been achieved in the field of cancer immunotherapy partly 

due to the approval of immune checkpoint inhibitors. Immune checkpoint inhibitors alone or in 

combination with conventional treatments have achieved considerable success as a standard treatment 

in many cancers. However, many patients remain unresponsive or relapse, therefore investigation of 

additional immune checkpoints is needed.  

Upregulation of sialoglycans on the surface of tumor cells is one of the mechanisms which promotes 

tumor growth and progression. Specifically, the interactions of sialic acids with inhibitory Siglecs on 

lymphoid or myeloid cells lead to suppression of anti-tumor immune responses. While there is 

substantial knowledge on the role of sialic acid/Siglec axis as an important immune checkpoint for NK 

and T cells, its involvement in myeloid effector cell function is still limited, especially in the context of 

antibody-based therapies.  

The aim of this study is to investigate if the sialic acid/Siglec axis regulates myeloid cell effector 

functions in antibody-mediated tumor cell killing. First, the degree of neutrophil cytotoxicity and 

phagocytosis by macrophages will be investigated upon sialic acid depletion of cancer cells, for which 

different strategies will be applied. Second, important Siglecs on neutrophils will be identified. 

Specifically, the role of Siglec-9 in antibody-mediated tumor cell killing will be evaluated with the help 

of a specific and newly to be developed Siglec-9 blocking antibody. As novel tools, antibody-lectin 

molecules (AbLecs) that combine a cancer targeting antibody with the inhibition of the sialic acid/Siglec 

interaction will be analyzed as a potential therapeutic strategy to enhance PMN cytotoxicity against 

cancer cells. And finally, the glycan structures on cancer cells that function as Siglec ligands will need 

to be characterized in order to efficiently interrupt the sialic acid/Siglec axis.  
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2 Materials  
Table 1: Expandable items 

Item Provider 

Biosphere ® filter tips, (10, 20, 100, 1250 µl) Sarstedt, DE 

Cell culture flasks, with filter  Greiner, DE 

Cell culture plates  Sarstedt, DE 

Cuvette Eppendorf, DE 

Dialysis membrane ZellTrans (MWCO 3500) Carl Roth, DE 

Electroporation cuvette for bacteria Bio-Rad Laboratories, USA 

Nitryl gloves  Ansell Healthcare, B 

Parafilm Th. Geyer, DE 

PD-10 desalting columns  Amersham Biosciences, UK 

Pipette tips (10, 200, 1250 µl) Sarstedt, DE 

Plate seal sheet PerkinElmer, USA 

Poly-Prep chromatography column Bio-Rad Laboratories, USA 

Round bottom tubes (5 ml) Sarstedt, DE 

S-Monovette (8.2 ml 9NC) Sarstedt, DE 

Safe seal microtubes (0.5, 1.5, 2 ml) Sarstedt, DE 

Serological pipettes (2, 5, 10, 25, 50 ml) Sarstedt, DE 

Sterile filters (0.22 ɛm) Part, USA 

Tubes (15 ml, 50 ml) Sarstedt, DE 

 

 

Table 2: Chemicals and reagents 

Item  Provider 

2x YT broth Carl Roth, DE 

51 sodium chromate, 185 MBq/ml (5 mCi/ml) Hartmann Analytic, DE 

6x DNA loading buffer  Carl Roth, DE 

Acrylamide solution (Rotiphorese Gel 30)  Carl Roth, DE  

Agar  Carl Roth, DE  

Agarose  Lonza, CH  

Albumin  Carl Roth, DE 

Ammonium peroxodisulfate (APS)  Merck, DE  

Ampicillin  Carl Roth, DE  

Bovine serum albumin (BSA) Carl Roth, DE 

Bromophenol blue Carl Roth, DE 

Calcein-AM Sigma-Aldrich, USA 

Capture Select FcXL Affinity Matrix  Thermo Fisher Scientific, USA  

CD CHO medium  Life Technologies/Thermo Fisher Scientific, USA 

CD OptiCHO medium Life Technologies/Thermo Fisher Scientific, USA 

Cell dissociation buffer Gibco/Thermo Fisher Scientific, USA  

CHO CD EfficientFeed   Life Technologies/Thermo Fisher Scientific, USA 

Coomassie Brilliant Blue R 250  Carl Roth, DE  
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Item  Provider 

CutSmart buffer New England Biolabs, USA 

Dimethyl sulfoxide (DMSO)  Merck, DE  

Distilled water (dH2O)  Thermo Fisher Scientific, USA 

DMEM (Dulbeccoô s Modified Eagle 

Medium) 

Gibco/Thermo Fisher Scientific, USA 

DPBS (Dulbeccoôs Phosphate Buffered 

Saline)  

Gibco/Thermo Fisher Scientific, USA 

Electroporation buffer MaxCyte, USA 

Ethanol  Merck, DE 

Ethidium bromide Carl Roth, DE 

Ethylenediaminetetraacetate (EDTA) Carl Roth, DE 

Expi293Ê Expression medium  Gibco/Thermo Fisher Scientific, USA 

Fetal carl serum (FCS) Gibco/Thermo Fisher Scientific, USA 

Ficoll-Paque Plus  Cytiva, USA 

Glucose  Sigma-Aldrich, USA 

GlutaMAX  Life Technologies/Thermo Fisher Scientific, USA 

Glycerine Carl Roth, DE 

Glycine Carl Roth, DE 

Granulocyte-macrophage colony-stimulating 

factor (GM-CSF), recombinant, human  

CellGenix, USA  

Hamôs F12-medium  Lonza, CH  

HT-Supplement  Thermo Fisher Scientific, USA  

Imidazole Sigma-Aldrich, USA 

Isopropanol  Carl Roth, DE 

Macrophage colony-stimulating factor (M-

CSF), recombinant, human  

PeproTech, DE  

McCoyôs medium Gibco/Thermo Fisher Scientific, USA 

Methanol Merck, DE  

Mineral oil Sigma-Aldrich, USA 

Monocyte attachment medium  PromoCell, DE  

N, N, Nó,Nó-tetra-acetylethylenediamine 

(TEMED)  

Merck, DE 

Ni-NTA agarose resin  Qiagen, NL 

P-3Fax-Neu5Ac (sialyltransferase inhibitor) MerckMillipore, DE 

Penicillin-streptomycin  Gibco/Thermo Fisher Scientific, USA 

pHRodo  Invitrogen, USA 

Phycoerythrin (PE)-conjugated streptavidin  BioLegend, USA 

Pluronic F-68 Gibco/Thermo Fisher Scientific, USA 

PolymorphPrepÊ Alere Technologies, NO 

Precision Plus ProteinÊ Standard Dual Color  Bio-Rad, USA  

RPMI 1640 (Roswell Park Memorial Institute) 

medium 1640 + GlutaMAX  

Gibco/Thermo Fisher Scientific, USA 

Scintillation reagent Optiphase HiSafe 3 Perkin Elmer, USA 

Sodium azide  Merck, DE 

Sodium butyrate (1 mM)  Carl Roth, DE 

Sodium chloride  Carl Roth, DE 
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Item  Provider 

Sodium dodecyl sulfate (SDS)  Merck, DE 

Super Optimal Broth (SOC)-medium  Thermo Fisher Scientific, USA 

Tetramethylendiamine (TEMED) Merck, DE 

Tris(hydroxymethyl)-aminomethane (TRIS)  Merck, DE 

Triton X-100  Merck, DE 

Trypan blue solution 0.4 % Thermo Fisher Scientific, USA 

Trypsin-EDTA  Gibco/Life Technologies, USA  

Tween 20  Merck, DE 

X-Vivo 15 (serum-free cell medium) Lonza, CH  

Yeastolate TC UF Becon Dickson, USA 

ɓ-mercaptoethanol  Sigma-Aldrich, USA 

 

 

Table 3: Self-made buffers and gels 

Name  Composition Concentration 

2x YT medium  2x YT  

Distilled water 

3.1 % (m/v) 

2x YT plates 2x YT  

Agar  

Ampicillin  

Distilled water 

3.1 % (m/v) 

1.8 % (m/v)  

1:1000 

Glycine elution buffer (pH 3.0)  Glycine  0.1 M  

Imidazole buffer  PBS 1X 

imidazole 

 

20 nM or 250 nM 

Non-reducing loading buffer (5x)  TRIS  

SDS  

Glycerine  

Bromophenol blue 

313 mM  

10 % (m/v)  

50 % (v/v)  

0.05 % (m/v)  

PBA buffer (FACS buffer)  PBS 1X 

BSA  

NaN3  

 

1 % (m/v)  

0.1 % (m/v)  

PBS-EDTA buffer  PBS  

EDTA  

 

0.02 % (v/v)  

Reducing loading buffer (5x) TRIS  

SDS  

Glycerin  

DTT  

Bromophenol blue  

313 mM  

10 % (m/v)  

50 % (v/v)  

0.5 M  

0.05 % (m/v)  

Resolving gel buffer (pH 8.0)  Distilled water 

TRIS  

 

1.5 M  

SDS-Bis-Tris-polyacrylamide gel - 

resolving gel (12 %)  

Acrylamide-bisacrylamide 

Resolving gel buffer (pH 8.0)  

SDS (10 % (w/v))  

APS (10 % (w/v))  

TEMED  

43 % (v/v)  

28 % (v/v)  

0.1 % (v/v)  

1 % (v/v)  

0.1 % (v/v)  

SDS-Bis-Tris-polyacrylamide gel 

ï stacking gel  

Acrylamide-Bisacrylamide 

Stacking gel buffer (pH 6.5)  

SDS (10 % (w/v))  

11 % (v/v)  

48 % (v/v)  

0.1 % (v/v)  
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Name  Composition Concentration 

APS (10 % (w/v))  

TEMED  

1 % (v/v)  

0.1 % (v/v)  

SDS-PAGE running buffer TRIS  

SDS  

Glycine  

125 mM  

0.5 %  

1.25 M  

Stacking gel buffer (pH 6.8)  Distilled water 

TRIS  

 

0.5 M  

TAE buffer (50x, pH 7.4)  TRIS acetate  

EDTA  

0.2 M  

10 nM  

TBS buffer 1X (pH 7.6) TRIS  

NaCl  

50 mM  

500 mM  

TBS-T buffer  TBS 1X 

Tween 20  

 

0.05 % (v/v)  

TRIS buffer (pH 10.0)  Distilled water  

TRIS  

 

1 M  

Triton X 2 % 1x PBS  

Triton X 

 

2 % (v/v) 

 

 

Table 4: Cell culture media 

Name  Composition Concentration 

CHO culture medium CD CHO medium 1X 

GlutaMAX 

 

1 % (v/v) 

CHO Opti-culture medium CD OptiCHO 

Pluornic F68 

GlutaMAX 

HT-Supplement 

 

1 % (v/v) 

1 % (v/v) 

1 % (v/v) 

D10+ DMEM 

FCS 

Penicillin/Streptomycin  

 

10 % (v/v) 

1 % (v/v) 

Macrophage medium X-Vivo 15 

Penicillin/Streptomycin 

 

0.5 % (v/v) 

MaxCyte-Feed stock CHO CD EfficientFeed 

Yeastolate Stock Solution 

GlutaMax 

Glucose 

 

14 % (v/v) 

3.5 % (v/v) 

12.4 % (v/v) 

McCoy´s 20+ McCoy´s  

FCS 

Penicillin/Streptomycin  

 

20 % (v/v) 

1 % (v/v) 

R10+ RPMI 

FCS 

Penicillin/Streptomycin  

 

10 % (v/v) 

1 % (v/v) 

R20+ RPMI 

FCS 

Penicillin/Streptomycin  

 

20 % (v/v) 

1 % (v/v) 
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Table 5: Cell lines and bacteria 

Name  Medium Provider  

A431 (human epidermoid cancer) R10+ DSMZ (German Collection of 

Microorganisms and Cell Cultures), 

DE 

CHO-S (Chinese hamster ovary cells, 

epithelial) 

CHO CD 

medium 

Life Technologies/Thermo Fisher 

Scientific, USA 

E. coli One Shot Top10 (bacteria)  2x YT Invitrogen, USA 

E. coli XL1-Blue competent cells (bacteria) 2x YT Stratagene, USA 

Expi293 (human embryonal kidney (HEK) 

cells) 

Expi293 

expression 

medium 

Life Technologies/Thermo Fisher 

Scientific, USA 

MDA-MB-468 (human breast cancer) R10+ DSMZ, DE 

MHH-CALL-4 (human BCP-ALL)  R20+ DSMZ, DE 

MUTZ-5 (human BCP-ALL)  McCoy´s 

20+ 

DSMZ, DE 

REH (human BCP-ALL)  R10+ DSMZ, DE 

SK-BR-3 (human breast cancer) McCoy´s 

20+ 

DSMZ, DE 

SK-OV-3 (human ovarian cancer) D20+ DSMZ, DE 

T84 (lung metastasis of human colon cancer) R10+ ATCC, USA  

 

Table 6: Equipment 

Item Provider 

AF 206 Ice machine Scotsman, USA 

Autoclave VX150 Systec, DE 

BioPhotometer Eppendorf, DE 

Ceromat BS-T shaking incubator Sartorius Stedim Biotech, DE 

E.A.S.Y. 440K gel documentation system  HeroLAB DE 

Eppendorf Multipette Plus  Eppendorf, DE 

Eppendorf Reference ® multichannel pipette 300  Eppendorf, DE 

Eppendorf Reference ® pipette (2.5, 10, 20, 100, 1000 

µl)  

Eppendorf, DE 

Flow cytometer (Navios) Beckman Coulter, USA 

Galaxy MINI centrifuge   VWR, DE 

Heat block  Bibby Scientific, UK 

Hera Cell 240 Incubator Thermo Fisher Scientific, USA 

Hera Cell 240 laminar flow bench Thermo Fisher Scientific, USA 

Heraeus Megafuge 1.0 R Centrifuge   Thermo Fisher Scientific, USA 

HeroLab Transilluminator  HeroLAB, DE 

IncuCyte SX1 Sartorius, DE 

KEYENCE B7 X800 Series KEYENCE, DE 

Light microscope (Axiovert 40c/ Axiostartplus) Zeiss, DE 
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Item Provider 

MAXCyte STX-Unit  Maxcyte, USA 

MicroBeta TriLux 1450 liquid scintillation & 

luminescence counter 

PerkinElmer, USA 

MicroPulser Electroporator  Bio-Rad Laboratories, USA 

MilliQ A10  Merck, DE 

Neubauer cell counting chamber, 0.1 mm Paul Marienfeld, DE 

Pipette boy Hirschmann, DE 

Power Pac HC Universal Power Supply Bio-Rad Laboratories, USA 

Precisa XB 2200C scale  PESA, CH 

SDS PAGE gel equipment (gel casting module, casting 

stands with gaskets, casting frames, combs, glass plates, 

spacer plates)  

Bio-Rad Laboratories, USA 

Shaking incubator Infors HAT, DE 

Vortex Genie 2 Scientific Industries, USA 

Water bath Memmert, DE 

Wide Mini-Sub Cell GT agarose gel chamber Bio-Rad Laboratories, USA 

 
 

Table 7: Variable regions of the Siglec-9 blocking antibody 

Variable 

regions  

Sequence  

mAbAVH  QVQLQQPGAELVKPGSPVKLSCKASYFTFTSYWMHWVRQRPGQGLEWIGEI

NPSNGHTNYNEKFESKATLTVDRSSSTAYMQLSSLTSEDSAVFYCANGVESY

DFDDALDYWGQGTSVTVSS 

mAbAVL  DIQMTQTTSSLSASLGDRVTISCRASQDINNYLNWYQQKPDGTIKLLIYYTSR

LHSGVPSRFSGSGSGTDYSLTINNLEQEDIATYFCQQGNTLPFTFGGGTKLEIK 

 

 

Table 8: Plasmids 

Name  Provider 

GFP plasmid  Miltenyi Biotec, DE 

PENOH-ŬSiglec 9-VH Eurofins, L 

PENOH-ŬSiglec 9-VL Eurofins, L 

pSEC Light Chain human kappa  In-house construct (M. Peipp, Division 

of Antibody-Based Immunotherapy) 

pSEC-HC-VH-CA8-IgG2s In-house construct (M. Peipp)  

 

 

Table 9: Enzymes 

Name  Buffer  Provider 

EcoNI CutSmart New England Biolabs, USA 

HindIII  Cutsmart New England Biolabs, USA 

NheI Cutsmart New England Biolabs, USA 
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Name  Buffer  Provider 

PpuMI Cutsmart New England Biolabs, USA 

Pst1 Cutsmart New England Biolabs, USA 

T4 DNA ligase  T4 DNA ligase 

buffer (10x) 

Roche, CH 

Trypsin-EDTA (0.05%)  

 

- Gibco/Thermo Fisher Scientific, USA 

Neuraminidase (Vibrio cholerae) 

NEU-VC 

PBS Roche, CH 

Neuraminidase (Clostridium 

perfingens) NEU-CP 

PBS Roche, CH 

 
 

Table 10: Primers 

Name  Sequence Direction 

Back1 GCTCTCCCACTCCACGGCGATGTCGC reverse 

Back2 CGTCCACGTACCAGTTGAACTTGACCTCAGG reverse 

pSEC-CMV  GGTAGGCGTGTACGGTGGGAGG  forward  

pSEC-REV  CCTTCCAGGGTCAAGGAAGGCACG  reverse 

 

 

Table 11: Kits  

Item Provider 

Annexin V-APC/PI Kit  BioLegend, USA  

ExpiFectamineÊ 293 Transfection Kit Gibco/Thermo Fisher Scientific, USA 

NucleoBond Xtra Maxi Kit EF Machery-Nagel, DE 

NucleoSpin Plasmid Kit  Machery-Nagel, DE  

QIAquick gel extraction kit  Qiagen, NL 

Quantitative Analysis Kit ï QIFI kit  Dako, DK  

 

 

Table 12: Lectins 

Name  Manufacturer/Provider (Order no.)  

Erythrina Cristagalli lectin (ECL), biotinylated Vector Laboratories, USA (#B-1145-5) 

Maackia amurensis leukagglutinin (MAL) I, 

biotinylated  

Vector Laboratories, USA (#B-1315-2) 

Maackia amurensis leukagglutinin (MAL) II, 

biotinylated 

Vector Laboratories, USA (#B-1265-1) 

Peanut agglutinin (PNA), PE-conjugated  Vector Laboratories, USA (#FL-1071) 

Sambucus nigra agglutinin (SNA), biotinylated Vector Laboratories, USA (#B-1305-2) 
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Table 13: Monoclonal antibodies 

Name  Antigen/species isotype/clone Provider (order no./producer) 

Anti-human CD47 

blocking antibody 

CD47/chimeric IgG2s  In-house construct (M. Peipp/ C. 

Kellner) 

Anti-human CD16  CD16/mouse IgG1/AA2 BioLegend, USA (#302002) 

Anti-human CD20  CD20/mouse IgG2b/SA271G2 BioLegend, USA (#152102) 

Anti-human CD22  CD22/mouse IgG1/HIB22 BioLegend, USA (#302511) 

Anti-human CD32a  CD32a/mouse IgG2b/IV.3 BioXCell, USA (#BE0224) 

Anti-human CD32b/c  CD32b/c/mouse IgG1/S18005H BioLegend, USA (#398304) 

Anti-human CD33  CD33/mouse IgG1/HIM3-4 BioLegend, USA (#303302) 

Anti-human CD38  CD38/mouse IgG1/HB-7 BioLegend, USA (#356602) 

Anti-human CD64 CD64/mouse IgG1/ 4°10-1 Antikörper-online, DE 

(#ABIN2145223) 

Anti-human CD89  CD89/mouse IgG1/A59 BioLegend, USA (#354102) 

Anti-human Siglec-1  Siglec1/mouse IgG1/7-239 BioLegend, USA (#346002) 

Anti-human Siglec-10  Siglec-10/mouse IgG1/566 Thermo Fischer (#MA5-28237) 

Anti-human Siglec-11  Siglec-11/mouse IgG2b/4c4 BioLegend, USA (#681702) 

Anti-human Siglec-15  Siglec-15/mouse IgG1/MK4.5 BioLegend, USA (#164602) 

Anti-human Siglec-5  Siglec-5/mouse IgG1/1A5 BioLegend, USA (#352002) 

Anti-human Siglec-

5/14  

Siglec-5/-14/mouse IgG1/1A5 Thermo Fischer (MA5-28140) 

Anti-human Siglec-7  Siglec-7/mouse IgG1/S7.7 BioLegend, USA (#347702) 

Anti-human Siglec-8  Siglec-8/mouse IgG1/7c9 BioLegend, USA (#347102) 

Anti-human Siglec-9  Siglec-9/mouse IgG1/K8 BioLegend, USA (#351502) 

Anti-Siglec-9 blocking 

antibody  

Siglec-9/ chimeric IgG2s/mAbA In-house construct (part of thesis) 

Anti-human sLeX  sLeX mouse IgM/FH6 Abcam, UK (ab115957) 

Anti-human sTn  sTn/mouse IgG1/sTn 219 BioLegend, USA (#368111) 

CA19-9 hIgG1 CA19-9/human IgG1 Tacalyx, (P. Sondermann) 

CA19-9 mIgG1  CA19-9/mouse IgG1 Tacalyx (P. Sondermann) 

Cetuximab EGFR/chimeric IgG1 Merck, DE 

IgG1 isotype control  Unspecific/mouse IgG1/MOPC-21 BioLegend, USA (#400101) 

IgG2s isotype control unspecific/chimeric IgG2s  In-house construct (M. Peipp) 

IgG2b isotype control  Unspecific/mouse IgG2b, MG2b-57 BioLegend, USA (#401202) 

Matuzumab EGFR/humanized IgG1 Merck, DE 

Obinutuzumab CD20/human IgG1 Roche, CH 

Obinutuzumab IgA2 CD20/human IgA2 In-house construct (T. Valerius) 

Panitumumab EGFR/humanized IgG1 Amgen, USA 

Rituximab IgA2 EGFR/ chimeric IgA2 In-house construct (T.Valerius) 

Soluble Siglec-3/-5/-

7/-9/-14 Fc chimera 

proteins; recombinant, 

human 

Siglec-3/-5/-7/-9/-14 ligands/ 

human IgG1 

R&D Systems, UK 

T7 AbLec HER2-Siglec-7 ligands/humanized 

IgG1  

J. Stark/C. Bertozzi, Stanford 

University, Stanford, USA 

T9 AbLec HER2-Siglec-9 ligands/humanized 

IgG1 

J. Stark/C. Bertozzi, Stanford 

University, Stanford, USA 
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Name  Antigen/species isotype/clone Provider (order no./producer) 

Trastuzumab  

 

HER2/humanized IgG1  Roche, CH 

Trastuzumab IgA2 HER2/humanized IgA2 J. Leusen, University Medical 

Center Utrecht, NL 

Trastuzumab IgG2 HER2/humanized IgG2 J. T. Andersen, Oslo University, 

NO 

 

 

Table 14: Fluorescence-coupled antibodies or Fc fragments 

Name  Manufacturer/Provider (Order 

no.) 

Goat anti-human IgG antibody, Fcɔ fragment specific, FITC-

conjugated 

Jackson ImmunoResearch 

Laboratories, UK 

Goat anti-human kappa light chain antibody, FITC-

conjugated  

Southern Biotech, USA 

Goat anti-mouse IgG antibody, Fcɔ fragment specific, FITC-

conjugated 

Jackson ImmunoResearch 

Laboratories, UK 

 

 

Table 15:  Software 

Name  Manufacturer  

1450 MicroBeta Workstation Software Perkin Elmer, USA 

BioRender BioRender, USA 

GraphPad Prism 10 GraphPad Software, USA 

IncuCyte SX Sartorius, DE 

Kaluza 1.2 Beckman Coulter, USA 

Keyence BZ-X800 series Keyence, JPN 

Microsoft Office Microsoft, USA 

SnapGene 6.1.1 Dotmatics, USA 

Zotero Roy Rosenzweig Center, USA 

 





 

оо 

3 Methods 

3.1 Cell biological methods 

3.1.1 Cell culture  

Breast cancer (MDA-MB-468, SK-BR-3), ovarian cancer (SK-OV-3) and BCP-ALL cell lines (MHH-

CALL-4, MUTZ-5) were obtained from the DSMZ (German Collection of Microorganisms and Cell 

Cultures, Braunschweig, D). Cell lines were grown in media as recommended: MDA-MB-468 (RPMI, 

10 % FCS, 1 % Penicillin/Streptomycin); MHH-CALL-4 (RPMI, 20 % FCS 20 %, 1 % 

Penicillin/Streptomycin), SK-BR-3, MUTZ-5 (McCoyôs, 20 % FCS, 1 % Penicillin/Streptomycin); SK-

OV-3 (DMEM, 10 % FCS, 1 % Penicillin/Streptomycin). The human cancer cell lines SK-BR-3 and 

SK-OV-3 were used to target HER2, while the cancer cell lines MDA-MB-468 to target EGFR. MUTZ-

5 and MHH-CALL-4 cell lines were used to target CD20. Cancer cells were cultured in a humidified 

5% CO2 atmosphere at 37°C and split when confluency reached 80%, by detaching with 0.05% v/v 

trypsin-EDTA for 5 min in the incubator, before detaching cells were washed with PBS to get rid of the 

FCS in the cell culture medium. Cell lines were regularly monitored for mycoplasma infections by using 

PCR-based methods.  

3.1.2 Reduction of sialic acid on cancer cell surface 

Cell surface sialic acid on cancer cells was inhibited either enzymatically or pharmacologically. 

Cleavage of sialic acid enzymatically was achieved by treating the cancer cells with neuraminidases 

from Vibrio cholerae (NEU-VC) (0.1 U/ml) or Clostridium perfringens (NEU-CP) (1 U/ml) (Roche, 

Basel, CH) for 1 h at 37 °C (PBS was used as control). To inhibit sialylation pharmacologically, cells 

were incubated for 72 h at 37 °C with the sialyltransferase inhibitor (STi) P-3Fax-Neu5Ac139, which is 

a fluorinated sialic acid analogue (MerckMillipore, Burlington, Massachusetts, USA) (100 µM).  

3.1.3 Preparation of human effector cells  

Effector cells were isolated from peripheral blood of healthy volunteers. Before blood donation, 

volunteers signed a written informed consent form giving permission to use their blood for research 

purposes. These experiments were approved by the Ethics Committee of the Christian-Albrechts-

University of Kiel (Kiel, Germany, B 459/16), in accordance with the Declaration of Helsinki. Peripheral 

blood mononuclear cells (PBMC) and PMN were isolated by centrifugation on a PolymorphPrepÊ 

density gradient. Fresh blood (7 ml) was carefully layered onto 5 ml PolymorphPrepÊ solution in 15 

ml tubes. Centrifugation with 2000 rpm at room temperature (RT) for 30 min separates plasma from 

blood cells. PBMC and PMN distinct layers were separately transferred into 50 ml tubes, washed with 

PBS, and centrifuged at 1800 rpm for 5 min. Erythrocytes were lysed by adding 45 mL of cold distilled 

water to the pellets for 30 seconds, then 5 ml of 10X PBS was added to balance the electrolytes. The 
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PMN were centrifuged (1600 rpm, RT for 5 min) and finally resuspended in R10+ ready to be used for 

ADCC at the same day. From PBMC, monocytes were isolated by adherence in monocyte attachment 

medium (PromoCell) for 30 min at 37°C. Monocytes were differentiated into macrophages in serum-

free X-Vivo medium (Lonza) containing 50 U/mL penicillin and 50 ɛg/mL streptomycin and 50 ng/mL 

recombinant macrophage colony-stimulating factor (M-CSF; PeproTech) for 11 days to 14 days and 

then used for ADCP.  

3.1.4 ADCC triggered by monoclonal antibodies 

Cancer cell lysis in ADCC mediated by PMN was analysed by performing chromium 51 (51Cr) release 

assays (Figure 10). Isolation of PMN from peripheral blood of healthy donors was performed at the day 

of the ADCC assay. First, target cancer cells (0.6 x 106 cells) were labelled with 25-50 µl radioactive 

51Cr (100 µCi) by incubation at 37 °C for 2 h. Cells were washed three times with cell culture medium 

to remove excess of 51Cr. In the experimental wells of a 96-well plate, 10 µl of antibody were added at 

a fixed concentration (10 µg/ml) or in a serial 1:5 dilution from 10 µg/ml to 0.016 µg/ml. Then, 5,000 

51Cr labelled cells were pipetted into each well.  For ADCC, PMN were applied at an effector-to-target 

cell ratio (E:T ratio) of 40:1 (200,000:5,000) or 80:1 (400,000:5,000) as indicated in the figure legends. 

Where indicated, PMN were pre-stimulated with granulocyte-macrophage colony-stimulating factor 

(GM-CSF) (50 U/ml, CellGenix). After 3 h of incubation time at 37°C, the content of 51Cr in the 

supernatant was measured. For that, the plate was centrifuged at 2000 rpm for 5 min, and 25 µl of 

supernatant were carefully collected from each well and transferred to a round-bottom 96-well microtiter 

plate. Scintillation reagent Optiphase HiSafe 3 (150 µl) was added and the plate put on a shaker for 15 

min at RT. Finally, the radioactive signal was measured with a MicroBeta TriLux Liquid Scintillation 

Counter (Perkin Elmer, Waltham, MA, USA).   

 

Figure 10: Schematic representation of the PMN ADCC experiment.  

PMN, polymorphonuclear cells; GM-CSF, granulocyte-macrophage colony-stimulating factor. 
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The maximum amount of 51Cr released by the cancer cells was obtained by adding triton-X (100 µl; 2 

% final concentration). The basal release without antibodies was measured to determine the cell lysis 

dependent on effector cells only. 51Cr is released from labelled cancer cells because of the cytotoxic 

activity of PMN mediated by the antibodies. For each condition, triplicates were set up, a plate scheme 

is shown in Table 16. The specific lysis in percentage (%) is calculated by using the counts per minute 

(cpm) with following formula:   

 

Ϸ ὰώίὭί
ὩὼὴὩὶὭάὩὲὸὥὰ ὧὴά ὦὥίὥὰ ὧὴά 

άὥὼὭάὥὰ ὧὴά ὦὥίὥὰ ὧὴά
 ὼ ρππ 

 

Table 16: ADCC plate scheme. 

 Maximal 

release (MR) 

(all) 

Basal release 

(BR)  

ADCC only 

Experimental 

well release 

ADCC 

Medium  50 µl 50 µl 50 µl  

Antibody - - 10 µl 

GM-CSF - 50 µl 50 µl  

PMN effector 

cells/serum 

- 50 µl 50 µl  

51Cr labelled 

cancer cells 

50 µl 50 µl 50 µl 

Triton-X  100 µl - - 

Total volume 200 µl 200 µl 210 µl 

3.1.5 ADCP triggered by monoclonal antibodies 

Live cell fluorescence imaging was used to measure ADCP (Figure 11). Differentiated 

macrophages were detached with cell dissociation buffer (Thermo Fisher Scientific) (20 min, 

RT) and then seeded in a 96-well flat-bottom plate and allowed to adhere for 30 min at RT. 

Cancer cell membranes were labelled with the pH-sensitive red fluorescence dye pHrodo 

(Thermo Fisher Scientific) (5 µg/ml for 1 h in PBS, at RT in the dark). Antibodies were applied 

at a final concentration of 10 ɛg/ml and added to the adhered macrophages.  Labelled cells were 

added to the plate at an E:T ratio of 1:1 (20,000:20,000) (Table 17). The plate was incubated for 

10 h at 37 °C in the IncuCyte high-throughput fluorescence microscope system (Sartorius) and 

four fluorescence pictures of each well were created every 30 minutes. Phagocytosis was 

determined as the fluorescent object counts per image, representing the phagocytosed cancer 

cells, over time. Each ADCP experiment was performed in triplicate. 
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Figure 11: Schematic representation of the ADCP experiment.  

PBMC, peripheral blood mononuclear cells; M-CSF, macrophage colony-stimulating factor. 

Table 17: ADCP plate scheme. 

 Control  

cancer cells 

Control 

macrophages 

Experimental 

well  

Medium 200 µl 50 µl -  

Antibody - - 12.5 µl 

Macrophages - 200 µl 200 µl  

Cancer cells 50 µl - 50 µl  

Total volume 250 µl 250 µl 262.5 µl 

3.1.6 Cell proliferation and apoptosis 

Proliferation of solid cancer cells was measured by analysing the confluency over 72 h with the IncuCyte 

high-throughput microscope system (Sartorius). Four phase pictures of each well were created every 30 

minutes. For apoptosis, 300,000 cells were treated with 100 ɛl STi and harvested after 72 h followed by 

staining with the apoptosis antibody sampler kit (Cell Signaling Technology). Briefly, cells were washed 

with 500 ɛl cold PBS, resuspended in 50 ɛl annexin V binding buffer, and 2.5 ɛl annexin V- 

allophycocyanin (APC) as well as 5 ɛl propidium iodide (PI) were added. Cells were then incubated for 

15 min in the dark, 200 ɛl annexin V binding buffer was added, and apoptosis was measured by flow 

cytometry at 617 nm (PI emission) and 660 nm (APC emission).  
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3.2 Antibody cloning, production and biochemical 

characterization 

3.2.1 Generation of a Siglec-9 blocking antibody 

An anti-Siglec-9 IgG2 Fc-knockout (KO) antibody was produced to specifically block the human Siglec-

9 receptor. The Siglec-9 blocking antibody is a chimeric antibody composed of mouse variable regions 

and human constant regions. The DNA sequences encoding for the VH and VL regions were de novo 

synthesised as PENOH vectors by Eurofins according to published sequences of the antibody clone 

mAbA140. The two variable regions were digested and ligated into corresponding pSEC acceptor vectors 

carrying the constant regions to build the full antibody heavy and light chains (Figure 12A). The pSec-

HC-IgG2ů vector encodes an IgG2ů, carrying a modified Fc domain to prevent FcɔR and binding of the 

complement component C1q (V234A/G237A/P238S/H268A/V309L/A330S/P331S)141. The constant 

light chain carried by the pSEC-LC vector encodes for a human kappa chain.  

3.2.1.1 Plasmid DNA digestion and ligation 

Digestion of vectors carrying the VH and VL sequences and the corresponding acceptor vectors was 

performed with the same restriction enzymes (NheI and PpuMI for heavy chain vectors, NheI and Hind 

III for light chain vectors) to create complementary sticky ends (Figure 12A-B). The digestion reaction 

(Table 18, left panel) was carried out overnight at 37 °C with mineral oil layered on the sample to avoid 

evaporation.  
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Figure 12: Cloning strategy of anti-Siglec-9 IgG2 Fc-KO antibody. 

The cloning strategy was based on the digestion of the respective acceptor and donor vectors with the same 

restriction enzymes to insert the leader-anti-Siglec-9 variable regions of the donor vectors into the acceptor vectors 

carrying the constant regions of the antibody. Restriction enzymes used for the digestion are labelled in red. (A) 

The pSec-HC-IgG2ů acceptor vector carries the constant regions of the heavy chain that encodes for an IgG2 

without Fc-binding ability and has an ampicillin resistance gene (Amp). PENOH-aSiglec-9-VH encodes for the 

anti-Siglec-9 VH. Both vectors were digested with NheI and PpuMI restriction enzymes to generate corresponding 

protruding sticky ends. (B) Acceptor vector pSEC-LC carries a constant human kappa region and an ampicillin 

resistance gene. PENOH-aSiglec-9-VL encodes for the anti-Siglec-9 VL. Both vectors were digested with NheI 

and HINDIII. (C) Final cloned vectors coding for the full heavy chain (HC) and light chain (LC) of the Siglec-9 

blocking antibody. CMV, cytomegalovirus promotor; bp, base pair.  

A 

B 

C 
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Electrophoresis of the digested DNA was performed to control for the digestion success. The probes 

were coloured with 6x loading buffer and run on a 1.5 % agarose gel at 120 V for 45 min. The gel was 

stained in ethidium bromide (2 µg/ml) for 15 min following detection of the bands under an UV light 

transilluminator. Desired vector and insert bands were cut out. The QIAquick gel extraction kit 

(QIAGEN) was used to extract the DNA from the cut gel bands following the manufacturerôs protocol. 

DNA was eluted with 30 ɛl H20 and its concentration was measured photometrically at 260 nm with the 

BioPhotometer (Eppendorf). Once the desired acceptor vectors and inserts of the donor vectors were 

digested, isolated and purified, they were ligated at 4°C overnight (Table 18, right panel; Figure 12C).  

Table 18: DNA digestion and ligation reaction. 

DNA digestion DNA ligation 

Material  Volume Material  Volume 

Plasmid DNA acceptor vector/ 

donor vector 

 

2 ɛg  

T4 DNA ligase buffer 

(10x) 

2 ɛl 

2 restriction enzymes 1 ɛl + 1 ɛl Vector DNA 7 ɛl 

SmartCut buffer 3 ɛl Insert DNA 10 ɛl 

H20 add to  T4 DNA ligase 1 ɛl 

Total volume 30 ɛl Total volume 20 ɛl 

3.2.1.2 Escherichia coli transformation and plasmid preparation 

In general, transformation of the final cloned vector, was performed in Escherichia (E.) coli bacteria 

following two different approaches: heat shock and electroporation.  

With the heat shock protocol, DNA competent E. coli One Shot Top 10 (Invitrogen) in vials were 

transformed by incubation with 4 ɛl of the ligated vectors (HC or LC) and kept on ice for 30 min 

following a heat-shock at 42°C for 30 sec and again put on ice for 2 min. 250 ɛl SOC medium were 

added and incubated with shaking at 37 °C for 60 min. Different volumes (30 µl, 50 µl, and 100 ɛl) of 

the bacterial suspension were plated on 2x YT-agar plates containing ampicillin (0.1 mg/ml) and 

incubated in a shaker at 37 °C overnight.  

Using electroporation, E. coli XL 1-blue competent cells were incubated with 10 ng (or 1 ɛl) plasmid 

DNA for 1 min on ice and then transferred into a cold electroporation cuvette. A short electrical shock 

at 1.8 kV was performed with the MicroPulser (Bio-Rad) to transform the bacteria with the plasmid 

DNA. Afterwards, 1 ml SOC medium was added, and bacteria incubated at 37 °C for 60 min with 

shaking. Then 1 ɛl of bacteria suspension was plated on a 2x YT-agar plate with ampicillin to select for 

the transformed bacteria.  

After incubation overnight at 37 °C, single bacteria clones were picked from the agar plate and cultured 

in 3 ml 2x YT-Medium with 100 ɛg/ml ampicillin with shaking at 37 °C overnight. Two ml of the 

bacterial suspension were centrifuged for 30 sec at 4,000 g at RT and the supernatant was discarded 
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keeping the pellet. Plasmid DNA was extracted with the NucleoSpin Plasmid Kit (Machery-Nagel) 

following the manufacturerôs instructions. Plasmid DNA was finally eluted with 50 ɛl distilled H20.  

The remaining volume of bacterial suspension was cultured again in 200 ml 2x YT medium in a flask 

with 100 ɛg/ml ampicillin with shaking overnight at 37 °C. The following day, the bacterial suspension 

was collected and centrifuged for 15 min at 4,000 x g at 4 °C. Plasmid DNA was extracted from the 

pellet with the NucleoBond PC EF Kit (Machery-Nagel) and eluted with 300 ɛl H20. Plasmid DNA 

concentration was measured with the BioPhotometer (Eppendorf) at 260 nm. 

Before transfection of CHO cells with the final plasmids, sequencing was performed at the Institute of 

Clinical and Molecular Biology (IKMB) at the University of Kiel to make sure that no mutation in the 

antibody coding regions has occurred. To 3 ɛl of plasmid DNA (100 ng/ɛl), 1 ɛl of the specific primers 

were added (for VH: CMV, Rev, back1, back 2; for VL: CMV, Rev). SnapGene 6.1.1 software was used 

to determine the correctness of the DNA sequences.  

3.2.2 Antibody expression in CHO cells and protein purification  

Following protein expression and purification method was used to produce the Siglec-9 IgG2̀  blocking 

antibody, as well as the CD47 IgG2̀ blocking antibody and IgA antibodies produced in house (Table 

13). CHO cells were thawed and taken in culture two weeks before transfection at a cell density of 3 x 

105 cells/ml, 37 °C, 6 % CO2 and 95 % humidity, and rotating at 125 rpm. The day before transfection, 

cell density was adjusted to 2 x 106 cells/ml. For transfection, 8 x 107 cells for each preparation were 

transferred to 50 ml tubes (10 preparations in total). The cells were washed twice in MaxCyte 

electroporation buffer and resuspended in 4 ml (400 ɛl x 10 preparations) buffer. 120 ɛg of plasmid 

DNA were added to each preparation (60 ɛg HC and 60 ɛg LC plasmid DNA). A pTM2 plasmid 

containing the GFP DNA sequence (120 ɛg) was also transfected for control. CHO cells were transfected 

in the MaxCyte electroporation chamber (OC-400, 400 ɛl/preparation) and directly seeded in a 1 litre 

culture flask and incubated for 30 minutes at 37 °C, 6 % CO2 and 95 % humidity. After that, the cells 

were resuspended in 150 ml CHO Opti-culture medium. GFP expression was measured 24 h after 

transfection by flow cytometry (Navios; Beckman Coulter). Starting day one after transfection, sodium 

butyrate (1 mM) was added to the transfected cells to arrest cell cycle and promote protein expression. 

The cells were fed daily with 5.5 ml of MaxCyte Feed-Stock and regularly assessed for vitality with 

trypan blue.  

After two weeks cell culture, the antibody was isolated from the supernatant of the CHO cell culture by 

affinity chromatography using beads that bind specific domains of the antibody. The CaptureSelectÊ 

CH1-XL or IgA affinity matrix (1 ml) were added to the CHO cells for IgG or IgA antibody purification, 

respectively, and rotated at low speed overnight at 4 °C. The following day the matrix was collected 

into 50 ml tubes and centrifuged at 2,000 rpm at 4°C for 10 min. The supernatant was collected and 

kept. The matrix with the bound antibody was transferred to a Poly-Prep chromatography column and 

washed twice with 8 ml PBS. The protein was eluted in 10 fractions (1 ml/fraction) at pH 3.0 with 

glycine following neutralisation to pH 6.0 with 250 ɛl TRIS (pH 10.0) on ice. SDS-PAGE was 
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performed with 25 ɛl of each fraction to determine which fraction contains the protein. After overnight 

staining of the gel with Coomassie Brilliant Blue, the fractions that yielded blue bands in the SDS-PAGE 

were dialysed for 72 h in 2 litres PBS at 4°C. The matrix was washed again with PBS and kept in the 

collected supernatant shaking at 4°C for a second protein isolation. The protein containing fractions 

were then collected and sterile filtered using a 0.22 ɛm filter. The protein concentration was determined 

by UV absorbance at 280 nm using the BioPhotometer (Eppendorf). 

Purified antibodies were separated by SDS-PAGE under non-reducing and reducing conditions using a 

4-15 % precast polyacrylamide gel (Mini-PROTEANÈ TGXÊ, BioRad). After a running time of 90 

min at constant 120 V, gels were stained with Coomassie Brilliant Blue staining solution (Carl Roth, 

Karlsruhe, DE). 

3.2.3 Production of antibody-lectin chimera proteins (AbLecs)  

AbLecs based on IgG1 antibodies against the human antigens HER2 and CD20 were combined with the 

ECD of Siglec-9 or Siglec-7. The molecules were designed by J. C. Stark in the group of Prof. C. 

Bertozzi at Stanford University, CA, USA. 

3.2.3.1 AbLec plasmid generation  

For the development of IgG1 AbLecs, the DNA sequences of HER2 and CD20 variable regions were 

derived from the clinically approved antibodies trastuzumab and rituximab, respectively. The AbLec 

heterodimerization of the heavy chains is achieved by introducing steric knobs-into-holes mutations in 

the CH3-sequence of the IgG1 Fc domains142. The sequences of Siglec-9 ECD and Siglec-7 ECD are 

available online143,144. Plasmids of trastuzumab and rituximab based AbLecs were generated and 

published by J. C. Stark136. 

3.2.3.2 AbLecs expression and purification  

AbLecs were expressed in the Expi293F system (Thermo Fisher) according to the established protocol 

of the manufacturer145. Cells were transfected with plasmid DNA at a 2:1:1 ratio of lectin:heavy 

chain:light chain. Five days after cell transfection, proteins were collected from the supernatant by 

pelleting cells at 4,000 rpm for 1 h, and filtration through a 0.2 ɛm nylon filter. AbLecs were purified 

by manual gravity column using 1 ml of Ni-NTA agarose resin (Qiagen 30210) for each 50 mL 

transfection volume. AbLecs were incubated with the Ni-NTA agarose resin for 1 h at 4 °C on a rotating 

shaker to let Ni-6xHis interact. AbLecs and resin complex were treated in the column (pre-equilibrated 

in PBS) with NEU-VC (250 mL, 100 nM, RT) for 30 min to minimize AbLec aggregation (due to Siglec 

arm binding to sialic acids on AbLecs) and to remove unspecific protein interactions to the resin. NEU-

VC was washed 5 times the column volumes with 20 mM imidazole buffer. AbLecs were eluted from 

the Ni-NTA resin twice with 5 mL 250 mM imidazole buffer and both fractions were collected. The 

buffer was exchanged to PBS using PD-10 desalting columns, following the manufacturer's protocol 
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(Amersham Biosciences). Purified antibodies were separated by SDS-PAGE under non-reducing and 

reducing conditions as explained in 3.2.2.  

3.3 Immunofluorescence methods 

3.3.1 Antibody and lectin binding 

Antibody binding on cell surface molecules was performed using flow cytometry and indirect staining. 

Approximately 100,000 cells were incubated with the primary antibody for 1 h at 4 °C, cells were then 

washed 3 times with PBA and stained for 30 min at 4 °C in the dark with a secondary fluorescein-

coupled antibody and measured with the Navios (Beckman Coulter) flow cytometer. Analysis of flow 

cytometry data was performed with the Kaluza 1.2.  

Cetuximab and trastuzumab (10 µg/ml, 30 min, 4 °C) were used to detect EGFR and HER2 receptors 

on cancer cells. Antigen expression levels of Siglecs and Fc receptors on PMN were quantified by 

determination of specific antibody binding capacities (SABC) of monoclonal mouse antibodies 

(Biolegend; human Siglec-10 and -14 antibodies were purchased from Thermo Fisher) (50 µg/ml, 1 h, 

4 °C) using the QIFI kit (Agilent DAKO) according to the manufacturerôs protocol. Recombinant 

soluble human Siglec-Fc chimera proteins (R&D Systems) were used to assess the presence of Siglec-

binding epitopes on cancer cells (10 µg/ml for 1 h at 4 °C). Non-binding human or mouse IgG1 

antibodies were used as controls. Binding of human or mouse antibodies was detected using 

phycoerythrin (PE)- or fluorescein isothiocyanate (FITC)-conjugated goat anti-human or anti-mouse 

Fcɔ-specific F(ab)2 fragments (30 min, 4 °C in the dark) (Jackson ImmunoResearch Laboratories, West 

Grove, PA, USA). Binding of the Siglec-9 blocking antibody (250, 50, 10, 2, 0.4, 0.08 ɛg/ml) was 

assessed on 200,000 PMN and an irrelevant human IgG2ů antibody (250 ɛg/ml) was used as a control. 

Binding was detected with a mouse anti-human kappa light chain FITC-conjugated antibody (1:20, 30 

min, 4 °C in the dark) (Southern Biotech).  

Glycan structures on cancer cell surfaces were detected using mouse anti-human CA19-9 mIgG1, anti-

human sTn mIgG1, and anti-human sLeX mIgM and stained with FITC-conjugated goat anti-mouse IgG 

and IgM-specific F(ab)2 fragments (30 min, 4 °C, 1:50) (Jackson ImmunoResearch Laboratories, West 

Grove, PA, USA). Biotinylated lectins (Vector Laboratories) were used for detection of 

monosaccharides. Cells were incubated with biotinylated Maackia amurensis leukagglutinin I or II 

(MAL I; MAL II), Sambucus nigra agglutinin (SNA), Peanut agglutinin (PNA), or Erythrina cristagalli 

lectin (ECL) (5 µg/ml) for 30 min at 4 °C and detected with PE-coupled streptavidin (1:50, 30 min, 4 

°C) (BioLegend).  

3.3.2 Blocking activity of the Siglec-9 antibody  

Blocking of the Siglec-9 receptor by the Siglec-9 antibody was assessed by its ability to block binding 

of a soluble Siglec-9-Fc fusion protein to cancer cells. Binding of the Siglec-9 Fc protein was detected 

by flow cytometry using a fluorochrome-conjugated antibody against the IgG-Fc part. Cancer cells were 
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transferred to 1.5 ml tubes (200,000 cells/ml). The Siglec-9 blocking antibody (100 ɛl of 50, 10, 2, 0.4, 

0.08, 0.016 ɛg/ml) or an isotype control antibody (50 ɛg/ml) were added to the cells together with the 

Siglec-9-Fc fusion protein (5 ɛg/ml) and incubated for 1 h. Cells were then washed three times with 1 

ml PBA to. The Siglec-9-Fc fusion protein bound to the cancer cells was detected with a PE-conjugated 

goat anti-human IgG antibody diluted 1:50 in PBS was added and the cells incubated at 4°C in the dark 

for 20 min. Cells were then washed again three times with 1 ml PBA, resuspended in 400 ɛl PBA and 

transferred to round bottom tubes to be analysed.  

3.3.3 Microscopic imaging  

Microscopic images (20 x magnifications) of calcein-AM (10 µM, 30 min, 37 °C) labelled cancer cells 

were taken using the fluorescence microscope Keyence BZ-X800 series (ǽsaka, JPN). Image series 

during phagocytosis assays were taken with an IncuCyte high-throughput fluorescence microscope 

system (Sartorius). Four fluorescence pictures of each well were created every 30 minutes. Phagocytosis 

was determined as the red object counts (ROI) per image, representing the phagocytosed cancer cells 

over time. More details on the method are described in paragraph 3.1.5. 

3.3.4 Glycan array 

Glycan binding array of Siglec-9-Fc protein was performed by PhD M. Bräutigam at Tacalyx GmbH. 

N-hydroxysuccinimide (NHS) activated glass slides (CodeLink, SurModics) were used to immobilize 

glycans with a primary amine functionalization. Glycans (0.1 mM) were dissolved in sodium phosphate 

buffer (50 mM, pH 8.5) for the spotting. 64 identical arrays were printed onto each slide using a 

piezoelectric spotting device (Scienion). The glass slides were incubated overnight at room temperature 

in a moist chamber to complete the coupling via NHS, before they were treated with ethanolamine (50 

mM) in sodium phosphate buffer (50 mM, pH 9) for 1 h at room temperature. After the remaining NHS 

groups were quenched, the slides were washed with H2O (3x) and then centrifuged to dryness (300 g, 

5min). For Siglec analysis the microarray slide was blocked for 1 h at room temperature using bovine 

serum albumin (BSA) (3% in PBS), washed twice with PBS and once with H2O. After drying via 

centrifugation, the slide was placed into a FlexWell 64 grid. The slide was incubated with the Siglec-Fc 

fusion proteins and the reference murine CA19-9 antibody (diluted with 3% BSA in PBS) for 1 h at 

room temperature in a moist chamber. The wells were washed with 0.1 % Tween-20 in PBS (2x). The 

secondary goat anti-human IgG Fc-AF647 (Southern Biotech) was diluted 1:200 and the goat anti-

mouse IgG FcïF4143 (Sigma Aldrich) 1:400 in 3% BSA in PBS and distributed into the wells. After 1 

h of incubation in a moist chamber at room temperature, the wells were washed with 0.1 % Tween-20 

in PBS (2x). The grid was removed and the whole slide was washed with PBS (2x) and H2O (2x) before 

the slide was dried by centrifugation. The slide was scanned using an InnoScan 1100 AL (Synopsys). 

Background-subtracted fluorescence intensity (RFI) values were exported for further analysis. 
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3.4 In vivo experiment 

The in vivo experiment was designed by J. Leusen and performed by C. Chan and M. Jansen at Utrecht 

Medical Center (UMC). Mice were maintained in the Central Laboratory Animal Research Facility of 

the University of Utrecht, NL. SCID mice (CB17/lcr-Prkdcscid/lcrlcoCrl; Charles River Laboratories) 

were housed in groups in a temperature and 12:12 hour light:dark cycle controlled room, with food and 

water available ad libitum. The animal experiment was approved by the Animal Ethical Committee of 

the UMC. MBA-MD-468 cells were treated in vitro with 100 ɛM STi or DMSO for 3 days and then 

labelled (15 min) with 4 ɛM (high) CellTrace Violet (CTV) fluorescent dye or 4 ɛM carboxyfluorescein 

succinimidyl ester (CSFE) dye (Invitrogen, Thermo Fisher Scientific), respectively. EGFR negative 

murine Ba/F3 recovery control cells were labelled with 0.125 ɛM CTV (low) fluorescent dye. Cells 

were mixed at a 5:5:1 ratio (MDA-MB-468 DMSO:MDA-MB-468 STi:Ba/F3), and a total of 6 × 106 

cells were injected intraperitoneally into each mouse. Immediately after cancer cell inoculation, a single 

dose of 10 ɛg cetuximab, panitumumab, or the respective isotype controls were given by intraperitoneal 

injection, PBS was used as a control (n > 8 mice per group). Sixteen hours later, mice were humanely 

killed, and cancer cells recovered by peritoneal lavage using PBS containing 5 mmol/L 

ethylenediaminetetraacetic acid (EDTA). The ratio of MDA-MD-468 STi or MDA-MB-468 DMSO to 

Ba/F3 cells was determined by flow cytometry. 

3.5 Statistical analysis 

At least three independent experiments were performed for flow cytometric analysis and functional 

assays with effector cells from different donors. Graphical and statistical analyses were performed using 

the GraphPad Prism 10 software (San Diego, CA, USA). Statistical significance was determined using 

appropriate tests as one- or two-way ANOVA with Bonferroni correction, described in the figure 

legends. Values were depicted as means +/- standard error of the mean (SEM). A p-value below 0.05 

was considered significant.



 

пр 

4 Results 

4.1 Sialic acid on cancer cells 

Cancer cells are known to be highly sialylated, and this study analyses the role of hypersialylation in 

the regulation of myeloid cell activation. 

4.1.1 Sialic acid expression on cancer cells  

First, the expression of sialic acid on the membrane of cancer cell lines was studied. As a cancer model, 

two breast carcinoma cell lines were used that are known to express high amounts of growth factor 

receptors as cancer associated antigens: cell line MDA-MB-468 carries EGFR, and SK-BR-3 cells 

express high levels of HER2. Both EGFR and HER2 are used as targets for the clinically approved 

monoclonal antibodies cetuximab and trastuzumab in cancer immunotherapy. To assess the presence of 

sialic acid on the cell surface of these two cell lines, binding of two different sugar binding molecules, 

lectins, was analysed by flow cytometry. Maackia amurensis leukoagglutinin (MAL) II preferentially 

recognizes Ŭ2,3 linked sialic acid, while Sambucus nigra agglutinin (SNA) binds Ŭ2,6 linked sialic 

acid146 (Figure 13A). Both breast cancer cell lines show binding of MAL II as well as SNA (Figure 13B-

C). In conclusion, both cell lines express differently linked sialic acid on the cell surface, with a higher 

expression for Ŭ2,3 linked sialic acid compared to Ŭ2,6, as shown by the higher binding of MAL II.  

 

Figure 13: Sialic acid is expressed on breast cancer cells. 
(A) Glycan structures recognized by Maackia amurensis leukoagglutinin (MAL) II and Sambucus nigra agglutinin 

(SNA). Binding of biotinylated MAL II or SNA (5 µg/ml), detected with streptavidin-PE, on MDA-MB-468 and 

SK-BR-3 cells. PBS was used with streptavidin-PE as control. (B) Representative histogram. (C) Mean MFI values 

± SEM of more than 3 biological experiments are depicted. * depicts significant differences (p < 0.05) compared 

to the control (one-way ANOVA). MFI, mean fluorescence intensity; n.s., not significant. 
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4.1.2 Strategies to reduce sialic acid on cancer cells 

To assess if sialic acid present on the surface of the breast cancer cells is involved in the regulation of 

myeloid cell activation, the effect of sialic acid reduction on myeloid cell cytotoxicity was studied. An 

irreversible cleavage of sialic acid could be achieved by enzymatic treatment of the cells with 

neuraminidases from either Vibrio cholerae (NEU-VC) or from Clostridium perfringens (NEU-CP). As 

shown in Figure 14A, upon treatment of cells with the two neuraminidases, binding of MAL II was 

significantly reduced by more than 80 % in both cell lines. A reduction of MAL II by more than 60 % 

was obtained with an inhibitor of sialyltransferases (STi), the sialic acid analogue P-3Fax-Neu5Ac 

(Figure 14A-B). Surprisingly, Ŭ2,6 linked sialic acid could not be reduced so efficiently by NEU-VC or 

STi, only treatment with NEU-CP was able to reduce binding of SNA, however not significantly (Figure 

14C). In summary, the presence of Ŭ2,3 linked sialic acid on breast cancer cells could be significantly 

reduced with both neuraminidases and STi, while expression of Ŭ2,6 linked sialic could only be reduced 

by NEU-CP.  

 

Figure 14: Sialic acid on cancer cells can be reduced by neuraminidases or by sialyltransferase inhibition. 

(A) MAL II (5 µg/ml) binding on MDA-MB-468 and SK-BR-3 cells is reduced after treatment with neuraminidase 

(NEU) from Vibrio cholerae (VC) (0.1 U/ml) or from Clostridium perfringens (CP) (1 U/ml), or with a 

sialyltransferase inhibitor (STi) (100 µM). (B) Overlay of microscopic images of live cells (green fluorescent dye, 

excitation at 495 nm) and sialic acid positive cells (red fluorescent dye, excitation at 532 nm). Untreated (ctr) or 

STi treated cells (STi) were stained with calcein-AM (green fluorescence) and MAL II /streptavidin-PE (red 

fluorescence). (C) Binding of biotinylated SNA (5 µg/ml) on MDA-MB-468 and SK-BR-3 cells after treatment 

with NEU-VC (0.1 U/ml), NEU-CP (1 U/ml), or STi (100 µM). Bar plots show MAL II and SNA binding, detected 

with streptavidin-PE, as mean fluorescence intensity (MFI) values ± SEM. * depicts significant differences 

(p < 0.05) between treated and untreated cells (ctr) (one-way ANOVA). More than 3 biological experiments are 

depicted. n.s., not significant. 
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4.1.3 Sialic acid underlying glycan structures 

The knowledge on underlying glycans exposed after sialic acid depletion could be of significance with 

regard to patient treatment outcomes. Usually, the glycan unit underlying sialic acid is a galactose. 

Galactose residues that become exposed after treatment of cells with neuraminidases or STi can be 

identified by staining with different biotinylated lectins and streptavidin-PE using flow cytometry. 

Maackia amurensis leukoagglutinin I (MAL I) is an ambiguous lectin that has a weak affinity for 

galactose ɓ1,4 linked to underlying N-Acetyl glucosamine (GlcNAc). However, it preferentially binds 

to that structure, when galactose is linked with a terminal Ŭ2,3 sialic acid147 (Figure 15A). Therefore, 

and as expected, MAL I binding on NEU-VC, NEU-CP and STi treated MDA-MB-468 cells was 

reduced compared to untreated cells, however, the reduction was not significant (Figure 15B). The 

reason could be the remaining weak affinity of MAL I to the glycan structure lacking the sialic acid. 

Two other lectins that have specific binding affinities to non-sialylated glycan structures were tested. 

Peanut agglutinin (PNA) binds to galactose ɓ1,3 linked to GalNAc (Figure 15A), while Erythrina 

cristagalli lectin (ECL) binds to galactose ɓ1,4 linked to GlcNAc (Figure 15A). After sialic acid 

reduction on MDA-MB-468 cells, the differently linked galactoses are exposed and can be detected by 

an improved binding of PNA and ECL compared to untreated cells (Figure 15B). In conclusion, 

neuraminidases and ST inhibition are suitable treatments to reduce sialic acid on cancer cell surfaces 

(Figure 14), which leads to increased galactose exposure (Figure 15). 

 

Figure 15: Glycan structures underlying sialic acid. 

(A) Glycan structures recognized and bound by the lectins Maackia amurensis leukoagglutinin I (MAL I), Peanut 

agglutinin (PNA) and Erythrina cristagalli lectin (ECL).  (B) MDA-MB-468 cells were treated with neuraminidase 

(NEU) of Vibrio cholerae (VC) (0.1 U/ml) or of Clostridium perfringens (CP) (1 U/ml), or with a sialyltransferase 

inhibitor (STi) (100 µM). Biotinylated MAL I (2 mg/ml) and ECL (5 mg/ml) were detected with streptavidin-PE 

(1:50), PNA was already coupled with PE and used at 5 mg/ml. Bar plots show lectin binding as mean fluorescence 

intensity (MFI) values ± SEM. * depicts significant differences (p < 0.05) between treated and untreated cells 

(one-way ANOVA). n.s., not significant. 
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4.1.4 Effect of sialic acid reduction on cell growth and tumor antigen 

expression  

With respect to upcoming cytotoxicity assays with antibodies and the use of neuraminidase and STi 

treated cancer cells, the effect of treatment on certain cell biological characteristics needed to be 

examined. Particularly, for an effective reduction of sialic acids using the STi, cells need to be cultured 

in the presence of the inhibitor for a total of 72 hours. For this reason, cell proliferation of MDA-MB-

468 and SK-BR-3 breast cancer cell lines was analysed during the 72 h incubation with the STi at a 100 

µM concentration, based on previous published work139. The confluency of proliferating cells was 

measured by live cell microscopic imaging and no difference was seen between untreated and STi 

treated cells (Figure 16).  

 

Figure 16: Cell proliferation is not affected by sialyltransferase inhibitor (STi). 

Confluency measured by real-time microscopy of MDA-MB-468 and SK-BR-3 cells, untreated (ctr) or treated 

with STi (100 µM, 72 h). Three biological experiments are depicted and the mean confluency in percent is shown 

± SEM. 

Furthermore, cell viability was assessed by annexin V-APC and propidium iodide (PI) staining followed 

by flow cytometric measurement (Figure 17). During apoptosis, membrane integrity is lost and cells 

expose phosphatidylserine on the outer lipid membrane layer148.  Annexin V binds to phosphatidylserine, 

while PI penetrates dead or damaged cells and binds to DNA. The results show that STi treated cells 

have similar Annexin V and PI fluorescence intensities as untreated cells (Figure 17), providing 

evidence that STi treatment does not negatively influence cell viability. 
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Figure 17: Cell viability is not influenced by sialyltransferase inhibitor (STi) treatment.  

(A) Representative dot plots of MDA-MB-468 and SK-BR-3 cells stained with annexin V/PI after treatment with 

STi (100 µM, 72 h) compared to untreated cells (ctr). (B) Bar plots show the percentage of viable cells (Annexin 

V negative/PI negative) ± SEM after STi treatment compared to untreated cells of three biological experiments 

(n=3). Statistical analyses were performed with parametric paired student t-test (p < 0.05) between treated and 

untreated cells. n.s., not significant. 

Importantly, treatment of the breast cancer cells with a neuraminidase or with the STi should not affect 

the expression of EGFR and HER2 that will be used as targeting antigens in functional assays with 

monoclonal antibodies. Expression of EGFR on MDA-MB-468 and of HER2 on SK-BR-3 cells was 

assessed by flow cytometry using the clinically approved antibodies cetuximab and trastuzumab, 

respectively. As shown in Figure 18, neither EGFR nor HER2 expression were altered by NEU-VC, 

NEU-CP or STi treatment.  
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Figure 18: Sialic acid reduction treatments do not affect binding of therapeutic antibodies to EGFR and 

HER2. 

(A) EGFR and HER2 expression on cancer cells treated with neuraminidase of Vibrio cholerae (NEU-VC) (0.1 

U/ml) (green) or remain untreated (blue). Cells were stained with cetuximab (MDA-MB-468), trastuzumab 

(SK-BR-3), or IgG1 isotype controls (black; all 10 µg/ml). PE-conjugated goat anti-human Fcɔ-specific F(ab)2 

fragments were used for detection. Shown are overlay plots or representative histograms. (B) Binding of cetuximab 

and trastuzumab on untreated or NEU-VC, NEU-CP, STi treated MDA-MB-468 or SK-BR-3 cells. Shown are the 

mean values ± SEM of MFI of 3 independent experiments. Statistical analyses were performed with one-way 

ANOVA (p < 0.05) between treated and untreated cells. MFI, mean fluorescence intensity; n.s., not significant. 

4.1.5 Role of sialic acid in antibody-dependent cytotoxicity mediated by 

myeloid cells 

4.1.5.1 Sialic acid regulates antibody-dependent cellular phagocytosis 

Less is known about the influence of sialic acid on antibody directed cellular phagocytosis of cancer 

cells. To investigate the effect of sialic acid in ADCP, STi or DMSO control treated breast cancer cell 

lines MDA-MB-468 and SK-BR-3 were used as targets (Figure 19). In addition, cells were labeled with 

a pH sensitive fluorescent dye and co-cultured with macrophages in the presence of the therapeutic 

monoclonal antibodies cetuximab (anti-EGFR, human IgG1), panitumumab (anti-EGFR, human IgG2) 

or trastuzumab (anti-HER2, humanized IgG1). Phagocytosis was measured as fluorescent object counts 

given by the cancer cells located in the lysosome of the macrophages, as shown for MDA-MB-468 cells 

in the presence of panitumumab in the microscopic images in Figure 19A. Phagocytosis rates for both 
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cell lines and the three antibodies over time are shown in Figure 19B. The curves reveal that the ability 

of macrophages to phagocytose cancer cells was significantly enhanced when cells were treated with 

the STi (Figure 19B). Taken together, these data suggest that sialic acid depletion can increase antibody 

directed cellular phagocytosis of cancer cells. 

  

Figure 19: Treatment of cancer cells with a sialyltransferase inhibitor (STi) improves ADCP by therapeutic 

antibodies. 

Cancer cell lines were treated with STi (100 µM, 72 h, 37 °C), DMSO was used as control. EGFR and HER2 

served as target antigens in ADCP experiments. Cancer cells were pre-treated with a pH sensitive dye to detect 

phagocytosed cells in the lysosome of macrophages. Macrophages as effector cells were applied at an E:T cell 

ratio of 1:1.  (A) Microscopic images depicting phagocytosed DMSO and STi treated MDA-MB-468 cells in green 

in the presence of panitumumab (10 µg/ml) over time (0 h to10 h). (B)  Phagocytosis rates of MDA-MB-468 and 

SK-BR-3 cells in the presence of antibodies over time. All antibodies including isotype controls were used at 10 

µg/ml. Results are shown as the mean percentage ± SEM of the highest value of phagocytosed cells (red objects 

per image, ROI) of at least 3 independent experiments with macrophages from different donors, each performed 

in triplicates. Data were analyzed by two-way ANOVA. (*) depicts significant differences in the curve trend 

(p Ò 0.05) between STi treated and DMSO control cells in the presence of the therapeutic antibody.   

  

A 

B 



4.1 Sialic acid on cancer cells 

52 

4.1.5.2 Sialic acid regulates antibody-dependent PMN-mediated ADCC 

Previously reported evidence exists that hypersialylation of malignant cells can reduce the cancer cell 

killing activity of immune cells, including that of myeloid cells98,134. Next to ADCP, the regulation of 

PMN mediated ADCC by sialic acid was analysed. To this purpose, chromium release assays were 

performed with PMN isolated from human blood, and cancer cells pretreated with neuraminidases or 

STi to reduce or even deplete sialic acid on the cell surface. Similar to ADCP, cytotoxicity was induced 

by using the monoclonal antibodies cetuximab (human IgG1) or panitumumab (human IgG2) for the 

EGFR positive MDA-MB-468 cells, or trastuzumab as human IgG1 or IgG2 for HER2 positive 

SK-BR-3 cells. All antibodies are clinically approved, except for the IgG2 variant of trastuzumab (anti-

HER2 IgG2), which was a kind gift of Jan Terje Andersen, University of Oslo, NO.  

In general, PMN mediated cytotoxicity against cancer cells was significantly enhanced when cells were 

treated with neuraminidases or STi compared to untreated cells (Figure 20). This was observed with any 

of the antibodies used, and the cytotoxic effects positively correlated with antibody concentrations 

(Figure 20). The highest increment in lysis was seen with panitumumab and STi treated MDA-MB-468 

cells with a value of 64.0 ± 1.8 % compared to 8.0 ± 2.9 % in untreated control cells (Figure 20A). 

Panitumumab yielded higher lysis rates than cetuximab (Figure 20A), however, it is worth to mention 

that besides differences in the isotype, the two antibodies differ in their variable regions and bind to 

different, although overlapping epitopes149. A better comparison to assess the ADCC efficiency of the 

different isotypes can be made by analysing trastuzumab mediated ADCC (Figure 20B). The variable 

regions of the anti-HER2 IgG2 are the same as the approved IgG1. With the HER2 antibody 

trastuzumab, the highest increment of SK-BR-3 cell lysis by PMN was achieved upon NEU-VC 

treatment with the IgG2 variant yielding a value of 81.0 ± 6.2 % compared to a 37.0 ± 9.8 % lysis rate 

of untreated cells (Figure 20B). Enhancement of PMN cytotoxicity was also observed when sialic acids 

were cleaved by NEU-CP (Figure 20). In summary, these results demonstrate that sialic acid reduction 

on cancer cells significantly enhances antibody dependent PMN mediated cytotoxicity, with human 

IgG2 antibodies becoming particularly effective.   
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Figure 20: Treatment of cancer cells with neuraminidases or a sialyltransferase inhibitor improves 

antibody-dependent PMN mediated ADCC. 

MDA-MB-468 (A) and SK-BR-3 (B) served as target cells in [51Cr] release assays with GM-CSF (50 U/ml) 

stimulated PMN at an E:T cell ratio of 40:1. Cancer cells were pre-treated (grey curves) with neuraminidase from 

Vibrio cholerae (NEU-VC) (0.1 U/ml) or from Clostridium perfingens (NEU-CP) (1 U/ml), or with STi (100 µM, 

72 h, 37 °C). IgG1 or IgG2 antibodies against EGFR (cetuximab, panitumumab) or HER2 (trastuzumab, anti-

HER2 IgG2) were used at titrated concentrations (10, 2, 0.4, 0.08, 0.016 µg/ml) and control antibodies at 10 µg/ml. 

Shown are the mean values ± SEM as percent specific lysis of at least 3 independent experiments with PMN from 

different healthy donors. Data were analysed by two-way ANOVA, and significant differences (p<0.05 with regard 

to AUC) between treated and non-treated cells (*) are indicated.  
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4.1.5.3 Sialic acid regulates IgA2 antibody mediated PMN ADCC 

While IgG1 antibodies poorly activate PMN, the engagement of the FcaR by IgA, especially by 

antibodies of the IgA2 isotype, efficiently trigger PMN activation55. In the present work, the aim was to 

investigate whether sialic acid on tumor cells, similarly to IgG antibodies, also regulates PMN mediated 

ADCC induced by IgA2 antibodies. The IgA2 variant based on the variable regions of the EGFR 

antibody clone 225 was used in PMN mediated ADCC experiments against the breast cancer cell line 

MDA-MB-468150. The HER2 IgA2 antibody used against SK-BR-3 cells, was kindly provided by 

J. Leusen, Utrecht, NL151.  

The results in Figure 21 show that both neuraminidases from VC and from CP, as well as treatment with 

STi were able to enhance anti-EGFR IgA2 mediated ADCC of MDA-MB-468 cells. The combination 

of STi with the EGFR IgA2 antibody was able to achieve the highest cell lysis rate (45.0 ° 6.0 % 

compared to untreated cells 14.0 ° 2.5 % at 10 µg/ml). The HER2 IgA2 antibody alone was already very 

efficient in activating PMN against SK-BR-3 cells achieving 57.0 ° 4.0 % lysis at the highest 

concentration. Here, sialic acid reduction had only marginal effects on antibody-dependent cell lysis.  

 

Figure 21: Treatment of breast cancer cell lines with neuraminidases or STi improves IgA antibody-

dependent GM-CSF stimulated PMN mediated ADCC. 

MDA-MB-468 and SK-BR-3 served as target cells in [51Cr] release assays with GM-CSF (50 U/ml) stimulated 

PMN at an E:T cell ratio of 40:1. Cancer cells were treated (grey curves) with neuraminidases (NEU-VC, 0.1 

U/ml; NEU-CP, 1 U/ml) or with the sialyltransferase inhibitor (STi) (100 µM). IgA2 antibodies against EGFR or 

HER2 were used at indicated concentrations and control antibodies at 10 µg/ml. Shown are the mean values ± 

SEM as percent specific lysis of at least 3 independent experiments with cells from different donors. Data were 

analysed by two-way ANOVA, and significant differences between AUC treated and non-treated cells (*) are 

indicated. n.s., not significant. 
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Unstimulated PMN were then used to reduce their cytotoxic activity and investigate wheatear the 

combination of sialic acid removal with the anti-HER2 IgA2 performed more efficiently against 

SK-BR-3 in a GM-CSF free setting (Figure 22). Indeed, neuraminidases and STi treatments induced 

improved SK-BR-3 cell lysis compared to untreated cells with the highest effect at 2 µg/ml of the anti-

HER2 IgA2 when unstimulated PMN were used (untreated: 22 ° 4.3 % lysis; NEU-CP: 58 ° 0.6 % 

lysis). In conclusion, these results demonstrate that sialic acid reduction on cancer cells significantly 

enhances IgA2 dependent PMN mediated cytotoxicity. 

 

Figure 22: Reduced Ŭ2,3 linked sialic acid on SK-BR-3 cells improves IgA antibody-dependent unstimulated 

PMN mediated ADCC. 

SK-BR-3 served as targets in [51Cr] release assays with unstimulated PMN at an E:T cell ratio of 40:1. Cancer 

cells were treated (grey curves) with neuraminidases (NEU-VC, 0.1U/ml; NEU-CP, 1 U/ml) or with the 

sialyltransferase inhibitor (STi) (100 µM). IgA antibodies against HER2 were used at indicated concentrations and 

control antibodies at 10 µg/ml. Shown are the mean values ± SEM as % specific lysis of at least 3 independent 

experiments with cells from different donors. Data were analysed by two-way ANOVA, and significant differences 

between treated and non-treated cells (*) are indicated.  

4.1.6 Sialic acid depletion on cancer cells improves the therapeutic 

efficacy of EGFR antibodies in a xenograft tumor model. 

Given the promising results obtained in vitro, the effect of sialic acid removal on antibody therapy in 

vivo was studied. The in vivo experiment was planned together with J. Leusen, which was performed by 

her group at the University Medical Center Utrecht. 

In this tumor model, SCID mice xenografted with MDA-MD-468 breast cancer cells were treated with 

human EGFR antibodies of different isotypes. Before injection, MDA-MD-468 cells were pre-treated 

in vitro with 100 ɛM STi or DMSO for 3 days (Figure 23A). We decided to use the STi because the 

reduction of sialic acid was reported to last longer compared to neuraminidases115. Together with 

syngeneic Ba/F3 cells as recovery control, a mixed cell population of MDA-MB-468 DMSO treated, 

MDA-MB-468 STi treated, and Ba/F3 cells at a 5:5:1 ratio was injected into the peritoneal cavity of 

SCID mice. The three cell populations were stained prior injection with various fluorescent dyes: CSFE 
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(DMSO treated cancer cells), CTV high (STi treated cancer cells), and CTV low (Ba/F3). After cell 

injection, mice were treated with one dose of the EGFR antibodies cetuximab (IgG1), panitumumab 

(IgG2), or their corresponding isotype controls, PBS was used as treatment control, for a total of at least 

eight mice in each group. Mice were sacrificed 16 hours later and tumor cell load in the peritoneal cavity 

was analysed by flow cytometry. The three different staining performed in vitro prior injection allowed 

a clear differentiation between the three cell populations (DMSO treated cancer cells, STi treated cancer 

cells and Ba/F3) after cell recovery from the peritoneal cavity (Figure 23B). Importantly, binding of 

MAL II , indicating the degree of sialic acid on the cell surface, was reduced after STi treatment 

compared to DMSO both before cell injection and after cell explantation from mice (Figure 23C), 

indicating that the sialyltransferase could not recover in vivo, at least during the 16 hours of experiment 

duration.  

 

Figure 23: Xenograft tumor model for EGFR antibody therapy. 

(A) Graphical scheme of the animal experiment. Human MDA-MB-468 cancer cells were incubated in vitro with 

100 ɛM sialyltransferase inhibitor (STi) or DMSO for 3 days prior to intraperitoneal injection into SCID mice. 

EGFR-negative murine Ba/F3 cells served as a recovery control. Cells were injected together at a 5:5:1 ratio. After 

injection, mice were treated with PBS or 10 ɛg antibodies (cetuximab, panitumumab, IgG1 or IgG2 isotype 

controls) and sacrificed 16 h later. Numbers of residual cancer cells in the peritoneal fluid were evaluated by flow 

cytometry. (B) Gating strategy depicting MDA-MB-468 treated with DMSO (CSFE stained), MDA-MB-468 

treated with STi (stained with CTV high) and Ba/F3 cells (stained with CTV low). (C) Binding of MAL II (5 

µg/ml) on MDA-MB-468 cells is reduced after treatment with STi in vitro prior to in vivo injection and after 

explantation (mean MFI values ± SEM; two-tailed, paired t-test).  
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The calculation of the MDA-MB-468/Ba/F3 cell ratio after recovery from mice revealed that in the 

control groups treated with PBS or antibody isotype controls no differences between DMSO and STi 

treated cancer cells were observed (Figure 24A). This means that the absence of sialic acid on cancer 

cells by itself was not sufficient to reduce cancer cell growth. As expected, both cetuximab and 

panitumumab significantly reduced the overall MDA-MB-468 cancer cell number (DMSO + STi) 

compared to isotype control antibodies together (Figure 24B). Consistent to our in vitro results, the 

number of STi treated cells was significantly reduced in vivo compared to DMSO treated control cells 

in both mouse groups treated with either cetuximab or panitumumab (Figure 24C). To conclude, the 

reduction in cancer cell numbers of STi treated cells in vivo in this short i.p. model is particularly striking 

in the presence of therapeutic antibodies, probably due to the activation of certain immune effector cells 

that are present in SCID mice. However, a certain baseline clearance of human cancer cells in this 

xenograft model cannot be excluded.  

 

Figure 24: Sialyltransferase inhibition in cancer cells improves EGFR antibody therapeutic efficacy in a 

xenograft tumor model. 

(A) Effect of STi treatment on cancer cell recovery compared to DMSO in groups treated with PBS or isotype 

controls. (B) Reduction of MDA-MB-468 cell recovery from mice treated with EGFR antibodies versus PBS. (C) 

Cancer cell recovery of STi treated vs DMSO treated cells from mice treated with EGFR antibodies or PBS/isotype 

controls. Results are presented as the mean ratio ± SEM of total MBA-MD-468 to Ba/F3 cells or of MBA-MD-

468 STi treated to DMSO treated cells (n = at least 8 per group). Data were analysed by two-tailed, paired t-test 

(A+B) and one-way ANOVA (C) and significant differences are indicated by * . n.s., not significant.  
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4.2 Functional studies of Siglecs as regulators of the immune 

response 

Sialic acid is ligand of the Siglecs receptor family. Siglecs are differently expressed mainly on immune 

cells, and most of them have an inhibitory intracellular domain that allows a fine-tuned regulation of 

immune cell activation by sialic acid. Hypersialylation on cancer cells may exploit this interaction to 

inhibit the immune cell response and evade immunosurveillance.  

4.2.1 Quantitative analysis of Fc receptor and Siglec expression on human 

myeloid cells  

Antibody dependent cancer cell killing by PMN or macrophages is mediated by binding of the antibody 

to various Fc receptors (FcR), which transmit activating signals into the immune effector cells. As such, 

expression of FcR on macrophages and PMN was quantitatively analysed by flow cytometry using the 

QIFI kit (Dako, Glostrup, DN) (Figure 25). The most expressed FcR on macrophages generated from 

peripheral blood monocytes is FcɔRIIa (CD32a), followed by FcɔRIIb (CD32b), FcɔRI (CD64) and 

FcŬRI (CD89) (Figure 25A, left panel). As expected, human peripheral blood PMN from healthy donors 

were found to express high amounts of FcɔRIII (CD16) and lower amounts of FcɔRIIa (CD32a) and 

FcŬRI (CD89), while FcɔRIIb/c (CD32b/c) and the high affinity FcɔRI (CD64) were not expressed 

(Figure 25A, right panel).  

Considering that Siglec-4 and Siglec-6 are exclusively expressed by Schwann cells and placental 

trophoblast cells respectively, Siglec-13 is deleted in humans and Siglec-12 has lost its sialic binding 

capacity90, the quantitative expression levels of the remaining Siglecs on macrophages and PMN was 

analysed similarly. As shown in Figure 25B, among the eleven Siglecs analysed, macrophages display 

largely Siglec-1, -3, -7 and Siglec-9. PMN express mainly Siglec-5, Siglec-9 and Siglec-14. These 

results show that the pattern of Siglecs expressed on human macrophages and neutrophils differs from 

each other except for Siglec-9, which is shared by both cell populations. 
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Figure 25: Expression of FcR and Siglecs on myeloid cells. 

Expression of Fc receptors (FcR) (A) and Siglecs (B) on M-CSF differentiated macrophages and GM-CSF 

stimulated PMN was analysed using the QIFI kit (Dako). Cells were stained with mouse monoclonal antibodies 

(5 µg/ml) and binding was detected with FITC-conjugated goat anti-mouse Fcɔ-specific F(ab)2 fragments. 

Quantitative antigen expression levels are depicted as mean specific antibody binding capacities (SABC) ± SEM 

of 3 independent replicates with cells from different donors.  

4.2.2 Binding pattern of recombinant soluble Siglec-Fc proteins on cancer 

cells  

Four inhibitory Siglecs that are highly expressed on macrophages and/or PMN were assessed if they can 

bind to sialic acid on cancer cells, namely Siglec-5, Siglec-7, Siglec-9 and Siglec-14 (Figure 26A-B). 

Siglec-1 was not further studied, being an activating Siglec. In flow cytometry, soluble Siglec-Fc fusion 

proteins were analysed for their capacity to bind to MDA-MB-468 or SK-BR-3 cells. Both cell lines 

showed significant Siglec-7-Fc and Siglec-9-Fc binding, while binding of Siglec-5-Fc and Siglec-14-Fc 

was only marginal or not detectable (Figure 26B). The mean MFI values for Siglec-9-Fc binding were 

71 ± 30 on MDA-MB-468 and 67 ± 28 on SK-BR-3 cells. Siglec-7-Fc binding on MDA-MB-468 cells 

had a mean MFI value of 151 ± 77, on SK-BR-3 the mean MFI value was much lower. Importantly, 

treatment of MDA-MB-468 and SK-BR-3 cells with neuraminidases or STi resulted in an almost 

complete abrogation of Siglec binding (Figure 26C-D). In summary, Siglec-9 is a lectin that is expressed 
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on both macrophages and PMN and binds to cancer cells. Furthermore, treatment of cancer cells with 

neuraminidases and STi is a feasible approach to reduce Siglec binding, at least in vitro.  

 

Figure 26: Binding of soluble Siglec-7 and Siglec-9 Fc fusion proteins to breast cancer cells can be reduced 

by neuraminidase and STi treatment. 

(A+B) Binding of soluble Siglec-Fc proteins (10 µg/ml, unspecific hIgG1 was used as control) was detected by 

flow cytometry with PE-conjugated goat anti-human Fcɔ-specific F(ab)2 fragments. (C+D) Siglec-7-Fc and 

Siglec-9-Fc binding (10 µg/ml) on MDA-MB-468 (C) and SK-BR-3 (D) cells was reduced after treatment with 

neuraminidases (NEU-VC, 0.1U/ml; NEU-CP, 1 U/ml) or STi (100 µM). The mean fluorescence intensity (MFI) 

values ± SEM of more than three independent replicates are shown. * indicates significant differences (p < 0.05) 

compared to the untreated cells (ctr) (one-way ANOVA).    

4.2.3 Generation of a Siglec-9 antibody to block PMN mediated 

cytotoxicity 

As shown in this work, Siglec-9 is expressed on both macrophages and PMN, and because it binds to 

cancer cells, this lectin may negatively regulate antibody-dependent immune responses and may 

therefore be a candidate as a therapeutic target. With the aim to analyse the impact of Siglec-9 on PMN 

mediated cytotoxicity against breast carcinoma cells, a Siglec-9 blocking antibody was generated from 

published sequences140, employing a silent Fc region (IgG2ů)141. Upon eukaryotic production of the 
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antibody, its purity was confirmed by SDS-PAGE with subsequent Coomassie Brillant Blue staining, 

showing the full antibody at 150 kDa under non-reducing conditions, and a clear distinction of the heavy 

chains at 50 kDa and of light chains at 25 kDa chains under reducing conditions (Figure 27A). Flow 

cytometric studies with human PMN revealed a concentration dependent increase of Siglec-9 antibody 

binding (Figure 27B). FcR binding was excluded because of the inactive IgG2ů Fc-part of the antibody, 

as could be demonstrated with an irrelevant IgG2ů control antibody. Most importantly, the Siglec-9 

blocking ability of the antibody needed to be verified. This was done by measuring the binding of the 

Siglec-9-Fc fusion protein to cancer cells in the presence of increasing concentrations of the Siglec-9 

blocking antibody. As shown in Figure 27C, the Siglec-9 blocking antibody was able to dose 

dependently prevent the binding of the soluble Siglec-9-Fc fusion protein to sialic acid expressed by 

cancer cells, while the IgG2ů control antibody had no effect. At concentrations of 10 µg/ml and higher, 

the Siglec-9 antibody was able to completely block Siglec-9-Fc fusion protein binding to cancer cells.  

 
Figure 27:  Characterization of the newly generated Siglec-9 blocking antibody. 

(A) SDS-PAGE under non-reducing (n.r.) and reducing (red.) conditions. HC, heavy chain; LC, light chain; L, 

protein ladder. (B) Binding of the Siglec-9 blocking antibody on PMN. An irrelevant IgG2ů antibody served as 

control, an anti-human kappa LC FITC-conjugated antibody was used for detection. The mean of the mean 

fluorescence intensity (MFI) values ± SEM of 3 independent experiments with PMN from 3 different donors are 

shown. (C) Binding studies of the Siglec-9-Fc fusion protein (5 µg/ml) on cancer cells in the presence of increasing 

concentrations of the Siglec-9 blocking antibody. A non-binding IgG2ů antibody was used as control (50 ɛg/ml). 

The Siglec-9-Fc fusion protein was detected by a goat anti-human IgG PE-conjugated antibody. Mean MFI values 

± SEM of 3 independent experiments are shown. Data were analysed by two-way ANOVA, and * indicates a 

significant difference in binding. 
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On a functional level, the blocking activity of the Siglec-9 antibody was examined in antibody-

dependent PMN mediated ADCC (Figure 28A). Two breast cancer cell lines and antibodies against 

EGFR (panitumumab) or HER2 (trastuzumab) were evaluated.  

The Siglec-9 blocking antibody was able to increase the mean lysis rate of MDA-MB-468 cells mediated 

by panitumumab from 29.7 ± 6.0 % to 43.2 ± 6.1 % (Figure 28B). Lysis rates of SK-BR-3 cells with 

trastuzumab as IgG1 were increased from 8.8 ± 1.1 % to 16.5 ± 1.9 %, similar results were obtained 

with the anti-HER2 IgG2 (Figure 28C-D). Remarkably, the increase of lysis rates in the presence of the 

Siglec-9 blocking antibody tended to be less pronounced than with sialic acid depletion of cancer cells 

by neuraminidase treatment. Here, the mean specific lysis rate upon neuraminidase treatment was 56.7 

± 8.8 % for MDA-MB-468, 25.0 ± 6.8 % for SK-BR-3 with trastuzumab IgG1, and 21.3 ± 4.6 % with 

anti-HER2 IgG2. The Siglec-9 blocking antibody was also able to enhance cancer cell lysis in 

unstimulated PMN ADCC (similar to Figure 22) in combination with trastuzumab IgA2 antibody from 

9.2 ± 2.5% to 17.4 ± 4.4 % lysis (Figure 28E). This finding may indicate that Siglec-9 is a negative 

regulator of PMN activity in ADCC, at least when Fcg receptors on PMN are engaged, but additional 

checkpoint molecules on myeloid effector cells appears to contribute.  

 

Figure 28: Siglec-9 blockade on PMN improves ADCC. 

(A) Graphical representation of PMN mediated ADCC with Siglec-9 blockade. PMN ADCC of MDA-MB-468 or 

SK-BR-3 with panitumumab (pani IgG2) (B) (10 µg/ml), trastuzumab (tras IgG1) (10 µg/ml) (C), anti-HER2 IgG2 

(2 µg/ml) (D), anti-HER2 IgA2 (1 µg/ml) (E) in the absence or presence of the Siglec-9 blocking antibody (20 

µg/ml) in comparison to neuraminidase treated cancer cells (NEU-CP; 0.1 U/ml). The specific lysis rates of at 

least 3 independent experiments with different donors are displayed as mean values (%) ± SEM. Data were 

analysed by one-way ANOVA. Significant differences (*) are indicated; n.s., not significant. 
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4.3 Double checkpoint inhibition  

SIRPŬ is a major immune checkpoint molecule expressed on myeloid cells, and inhibition of the 

SIRPŬ/CD47 axis combined with therapeutic antibodies has been shown to be associated with a 

beneficial outcome for patients68,71. Based on the hypothesis that the reduction of sialic acid combined 

with CD47/SIRPŬ axis blockade may further enhance antibody dependent cytotoxicity compared to 

single immune checkpoint blockade alone, ADCP and ADCC experiments with two carcinoma cell lines 

and EGFR or HER2 antibodies were performed. 

The HER2 positive ovarian cancer cell line SK-OV-3 showed very low lysis rates (< 10 %) in PMN 

ADCC with the antibody trastuzumab up to 10 µg/ml, which could not be increased by reducing the 

sialic acid levels on the cancer cells (Figure 29A). SK-OV-3 cells have a substantial expression of CD47 

(Figure 29B), which was blocked in ADCP and ADCC experiments with a CD47 blocking IgG2 

antibody with a non-functional Fc part (IgG2s) (Figure 29C). While STi treatment was inefficient in 

enhancing at least ADCC of SK-OV-3 cells, untreated cancer cells undergo higher rates of phagocytosis 

(360 ° 3 ROI, Figure 29D left panel) and cytotoxicity (22 ° 14 % lysis, Figure 29D right panel) when 

CD47 alone was blocked. Combination of CD47 blockade and sialic acid removal by STi significantly 

improved this benefit (Figure 29D; ADCP: 411° 12 ROI, left panel; ADCC: 29° 8 % lysis, right panel).  

MDA-MB-468 cells were also tested for the impact of double checkpoint inhibition. MDA-MB-468 also 

express CD47 (Figure 29B) and also in this case, ADCP and ADCC by panitumumab were both 

enhanced when the double combination of sialic acid removal and CD47 blockade was applied (Figure 

29D; ADCP: 1294 ° 15 ROI, left panel; ADCC: 77 ° 10% lysis, right panel). Surprisingly, STi treatment 

induced better phagocytosis and cytotoxicity together with panitumumab compared to CD47 blockade 

with panitumumab (Figure 29D, lower panels). Unexpectedly, the double checkpoint inhibition was able 

to induce phagocytosis and cytotoxicity of MDA-MB-468 cells even with an unspecific isotype control 

antibody (e.g. ADCP: 661° 6,7 ROI; Figure 29D left panel).  

Together, sialic acid removal combined with inhibition of the CD47-SIRPŬ axis improved antibody-

dependent cellular phagocytosis and PMN mediated cytotoxicity against EGFR and HER2 positive 

cancer cells compared to blockade of either immune checkpoint alone. 
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Figure 29: Double immune checkpoint inhibition enhances ADCP and PMN ADCC. 

(A) ADCC with GM-CSF (50 U/ml) activated PMN in the presence of increasing concentrations of trastuzumab 

against DMSO and sialyltransferase (STi) (100 µM) treated SK-OV-3 cells; E:T ratio = 40:1. The specific lysis 

rates of at least 3 independent experiments with different donors are displayed as mean values (%) ± SEM. (B) 

CD47 expression on SK-OV-3 and MDA-MB-468 cells assessed by flow cytometry. (C) Schematic representation 

of the experimental setup. (D) Left panels: ADCP Macrophages as effectors were applied at an E:T cell ratio of 

1:1. Right panels: [51Cr] release assays with GM-CSF (50 U/ml) stimulated PMN at an E:T cell ratio of 40:1. SK-

OV-3 and MDA-MB-468 were pre-treated with the STi (100 µM). Therapeutic antibodies were used at 10 µg/ml 

and the CD47 blocking antibody at 20 µg/ml. Shown are the mean values ± SEM as top red counts per image 

(ADCP) and % specific lysis (ADCC) of at least 3 independent experiments with cells from different healthy 

donors. Data were analysed by two-way ANOVA, and significant differences (p < 0.05) between CD47 block (§) 

and STi treated and non-treated cells (#), as well as isotype control vs. specific antibody (*) are indicated. tras, 

trastuzumab; pani, panitumumab; n.s., not significant. Ab, antibody; FcgR, Fcg receptor. 
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4.4 Sialic acid depletion improves PMN mediated ADCC against 

hematological malignancies 

Monoclonal antibody therapy is an important option in the therapy of hematological malignancies. The 

sialic acid/Siglec axis may impact PMN activation, therefore the effect of sialic acid reduction on PMN 

mediated ADCC was also tested in the context of hematological cancer financed by the Clinical 

Research Unit CATCH ALL (KFO 5010). The BCP-ALL cell lines MUTZ-5 and MHH-CALL-4 were 

chosen as tumor models to evaluate the cytotoxic effects of the CD20 antibodies rituximab and 

obinutuzumab as IgG1 and their IgA2 variants.  

The expression of CD20 on MUTZ-5 and MHH-CALL-4 cells by flow cytometry is shown in Figure 

30A. Both cell lines carry sialic acid on their surface membrane as demonstrated by lectin binding, 

however binding of MAL II was more pronounced than SNA binding, meaning that a2,3 linked sialic 

acid prevails over a2,6 linked sialic acid (Figure 30B). Siglec binding ligands on the tumor cells were 

identified by flow cytometry using a panel of soluble Siglec-Fc fusion proteins. Among them, only 

Siglec-7-Fc and, to a smaller degree, Siglec-9-Fc were found to bind to MUTZ-5 and MHH-CALL-4 

(Figure 30C). The binding of Siglec-7-Fc and Siglec-9-Fc could be reduced by treatment of the tumor 

cells with a sialyltransferase inhibitor (Figure 30D).  

 

Figure 30: BCP-ALL cell lines express CD20 and sialic acids. 

(A)  MUTZ-5 and MHH-CALL-4 cells were stained with CD20 mouse monoclonal antibody (5 µg/ml), detected 

with FITC-conjugated goat anti-mouse Fcɔ-specific F(ab)2 fragments. Ctr, isotype control. A representative 

histogram is shown (B) Binding of biotinylated MAL II or SNA (5 µg/ml), detected with streptavidin-PE. Ctr, 

PBS control. A representative histogram is shown. (C) Binding of soluble Siglec-Fc proteins (10 µg/ml), detected 

with PE-conjugated goat anti-human Fcɔ-specific F(ab)2 fragments. An isotype IgG1 was used as control (ctr). (D) 
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Binding of Siglec-7-Fc and Siglec-9-Fc (10 µg/ml) was reduced after treatment of tumor cells with STi (100 µM) 

or DMSO. An isotype IgG1 was used as control (ctr). Mean MFI values ± SEM are shown in the bar plots. 

*  indicates significant differences (p < 0.05) compared to ctr (C) or DMSO treated cells (D) as analysed by one-

way ANOVA. Three biological experiments were performed.  

In ADCC assays with PMN, the IgA2 variants of rituximab and obinutuzumab in general performed 

better than the respective IgG1 antibodies (Figure 31). Compared to IgG1 mediated ADCC (Figure 

31A), sialic acid removal on the tumor cells by STi resulted in an increase in cell lysis rates using the 

IgA2 isotypes (Figure 31B). As previously reported, the IgA2 variant of obinutuzumab performed better 

ADCC than the rituximab IgA2 (Figure 31B)152. Taken together, these results implicate that sialic acid 

on the tumor cell membrane regulates IgA2 antibody mediated PMN cytotoxic activity, and that its 

removal may be a good strategy to further enhance PMN mediated ADCC.  

 

Figure 31: Treatment of BCP-ALL cells with a sialyltransferase inhibitor improves PMN mediated ADCC 

with IgA2 , but not IgG1 antibodies. 

BCP-ALL cell lines MUTZ-5 and MHH-CALL-4 served as target cells in [51Cr] release assays with GM-CSF (50 

U/ml) stimulated PMN at an E:T cell ratio of 80:1. Tumor cells were treated with the sialyltransferase inhibitor 

(STi) (100 µM) or DMSO as control. IgG1 (A) and IgA2 (B) antibodies against CD20 and isotype control 

antibodies were used at 10 µg/ml. Specific lysis rates (%) are shown as the mean values ± SEM of at least 3 

independent experiments with effector cells from different donors. Data were analysed by two-way ANOVA, and 

significant differences (p < 0.05) between treated and DMSO treated cells (*) are indicated.  
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4.5 Antibody-lectin chimeras  

As a potential therapeutic approach to target tumor associated antigens simultaneously with glycans on 

the surface of cancer cells, C. Bertozzi and J.C. Stark at Stanford University, CA, have developed IgG1 

antibody-lectin (AbLec) chimeras136. These molecules are bispecific proteins that carry a Fab fragment 

of an antibody on one arm, and the extracellular domain (ECD) of a Siglec on the other arm, both of 

which are fused to an Fc domain (Figure 32A). The heterodimerization of the AbLec is achieved by 

using the ñknobs-into-holesò engineering technology142. This approach consists in engineering the CH3 

region of the Fc domain creating a knob and a hole arm: the knob (antibody arm) is created by replacing 

small amino acid side chains with larger ones, while the hole (Siglec) arm is created by replacing large 

amino acids with smaller ones. As a result, the knob and hole chains preferentially bind together forming 

a heterodimeric Fc part. As proof-of-concept, AbLecs, created by J.C. Stark at Stanford, carry the 

variable regions of trastuzumab against HER2, and the ECD of either Siglec-7 or Siglec-9 (T7 and T9, 

respectively). The three chains forming the AbLecs are made visible after reduction of the disulfide 

bridges in SDS-PAGE: the Siglec-arm as a 75 kDa band, the Ig heavy chain at 50 kDa, and the Ig light 

chain with the size of 25 kDa (Figure 32B).  

 

Figure 32: Structure and SDS-PAGE of an AbLec. 

(A) Schematic structure of the molecule. (B) SDS-PAGE under reducing conditions of trastuzumab (tras) and tras-

Siglec-7 (T7) and tras-Siglec-9 (T9) AbLecs. KiH, knobs-into-holes; ECD, extracellular domain; L, protein ladder. 

The binding of the T7 and T9 AbLecs on SK-BR-3 cells in comparison to trastuzumab was analyzed by 

flow cytometry (Figure 33A). Compared to trastuzumab at the same concentrations, AbLecs showed 

slightly higher binding to SK-BR-3 cells, probably because a higher number of antigen molecules 

(HER2 and sialic acid) are available for AbLec binding (Figure 33B).  
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Figure 33: Binding characteristics of AbLecs on tumor cells. 

Binding of AbLecs and trastuzumab to SK-BR-3 cells was measured by flow cytometry, for detection an anti-

human IgG FITC-conjugated antibody was used. (A) Schematic representation of the experimental setup. (B) 

Binding of T7 and T9 AbLecs compared to trastuzumab. Ctr Ab, isotype ctr; ctr 7 AbLec, isotype ctr with a Siglec-

7 arm. Shown are the mean MFI values ± SEM of three biological experiments.  

 

AbLecs were compared to trastuzumab in their ability to mediate cancer cell lysis of SK-BR-3 cells in 

PMN ADCC.  Both T7 and T9 AbLecs induced higher cancer cell lysis at 100, 25 and 5 nM compared 

to trastuzumab in PMN ADCC by 5 different healthy donors (Figure 34A). Remarkably, the lysis rates 

obtained with the T7 and T9 AbLecs as single molecules were even higher than the combination of 

trastuzumab with a second sialic acid binding Siglec-7-Fc or Siglec-9-Fc protein (Figure 34B). Even 

further enhancement of cancer cell lysis mediated by AbLecs was achieved by combining the AbLecs 

with the previously used CD47 Fc-silent blocking antibody (Figure 34C). The combination of the CD47 

blocking antibody with AbLecs performed higher lysis compared to its combination with trastuzumab. 

An AbLec based with unspecific variable regions carrying the Siglec-7 ECD was used as isotype control. 

In this case, CD47 blocking antibody was not able to induce any unspecific cancer cell lysis, suggesting 

the combination of sialic acid and CD47 blockade in PMN ADCC as a promising approach (Figure 

34C).  
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Figure 34: AbLecs efficiently induce antibody-dependent PMN mediated ADCC of cancer cells. 

SK-BR-3 served as targets in [51Cr] release assays with GM-CSF (50 U/ml) stimulated PMN at an E:T cell ratio 

of 40:1. Molecules combinations are specified in the left panels. (A) Lysis rates induced by AbLecs and 

trastuzumab. Antibodies/AbLecs were titrated (100, 25, 5, 1, 0.1 nM) and controls (Ctr Ab, isotype ctr; ctr 7 

AbLec, isotype ctr with a Siglec-7 arm) used at 100 nM. (B) Lysis rates of AbLecs vs trastuzumab (25 nM) 

combined with Siglec-Fc proteins (62.5 nM). (C) Lysis rates of trastuzumab and AbLecs combined with a CD47 

Fc-silent blocking antibody (20 µg/ml). Shown are the mean values ± SEM (A+B) or single values (C) as % 

specific lysis of at least 3 independent experiments with cells from different healthy donors. Data were analysed 

by two-way ANOVA, and significant differences between samples (*)  and between different CD47 block 

combinations (#) are indicated.  

In order to test the efficacy of the AbLecs in blocking the binding of Siglecs, PMN ADCC experiments 

were performed in which the AbLecs were compared to the cytotoxic activity of trastuzumab on 

neuraminidase treated cells (Figure 35). Surprisingly, the combination of neuraminidase treatment with 

trastuzumab was more efficient than single AbLec molecules (Figure 35A). Since neuraminidase 

treatment cleaves all Siglec ligands on the tumor cell surface, the combination of T7 and T9 AbLecs 

should achieve similar lysis rates as trastuzumab with neuraminidase treated cells. As expected, the T7 
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and T9 AbLecs combined yielded higher lysis rates than the AbLecs as single agents and comparable 

lysis rates to trastuzumab on neuraminidase treated cells (Figure 35B). However, while this was seen at 

the highest concentrations (100 nM) of the AbLecs and trastuzumab (48.2 ± 2.8 % lysis vs 50.3 ± 1.7 

%), at lower concentrations trastuzumab mediated ADCC on sialic acid depleted cells was still 

significantly higher (EC50 = 0.5 nM) than the AbLec combination (EC50 = 3.5 nM) (Figure 35B).  

 

 

Figure 35: Comparison of AbLecs with trastuzumab and neuraminidase treatment in PMN mediated 

ADCC. 

SK-BR-3 served as targets in [51Cr] release assays with GM-CSF (50 U/ml) stimulated PMN at an E:T cell ratio 

of 40:1. Molecules combinations are specified in the left panels. (A) Cell lysis rates of AbLecs and trastuzumab 

(25 nM) with neuraminidase treated cells (NEU-VC, 0.1 U/ml). (B) Lysis rates of the AbLec T7 and T9 

combination vs trastuzumab plus NEU-VC treatment. Antibodies and AbLecs were titrated (100, 25, 5, 1, 0.1 nM) 

and the isotype control used at 100 nM. Specific lysis rates (%) are shown as the mean values ± SEM of at least 3 

independent experiments with effector cells from different donors. Data were analysed by two-way ANOVA, and 

significant differences between samples (*) are indicated (n=3).  

Additionally, when the AbLecs were used in ADCC experiments against neuraminidase treated cancer 

cells, the differences in cell lysis rates between trastuzumab and the AbLecs disappeared, and all 

molecules performed similarly well in PMN mediated ADCC, especially at the highest concentration. 

However, in this case, trastuzumab had a lower EC50 compared to the AbLecs (0.5 ± 0.4 % vs T9: 2.5 ± 

0.3%; T7:1.5 ± 0.3%) (Figure 36). 
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Figure 36: Comparison of AbLecs with trastuzumab in PMN mediated ADCC against sialic acid depleted 

cancer cells. 

NEU-VC treated SK-BR-3 cells served as targets in [51Cr] release assays with GM-CSF (50 U/ml) stimulated 

PMN at an E:T cell ratio of 40:1. Experimental setup is specified in the left panel. Antibodies and AbLecs were 

titrated (100, 25, 5, 1, 0.1 nM) and control antibodies/AbLec used at 100 nM.  Shown are the mean values ± SEM 

as % specific lysis of at least 3 independent experiments with cells from different healthy donors. Data were 

analysed by two-way ANOVA, and significant differences between samples (*) are indicated.  

With the aim to evaluate the cytotoxic capacity of AbLec chimeras in ADCC against hematological 

tumor cells, rituximab based AbLecs with the ECD of Siglec-7 (R7) and Siglec-9 (R9) were generated 

by me at Stanford University.  Rituximab AbLecs showed a band at 150 kDa in SDS-PAGE, while 

reduction of disulfide bridges of the AbLecs yielded the three chains comprising the Siglec arm with a 

molecular weight of 75 kDa, the Ig heavy chain with 50 kDa, and the Ig light chain with 25 kDa (Figure 

37A). Binding of the R7 and R9 AbLecs was assessed by flow cytometry and compared to rituximab 

and Siglec-Fc proteins on the BCP-ALL cell line MUTZ-5 expressing CD20 (Figure 37B). The AbLec 

R7 showed the highest binding to MUTZ-5 cells because of the high expression of Siglec-7 ligands 

(Figure 30C), while the dose-dependent binding curve of R9 is equal to rituximab. Siglec-Fc proteins 

have lower binding affinities than rituximab and the AbLecs. Interestingly, similar to rituximab IgG1 

(Figure 31A) also rituximab AbLecs were not able to induce any PMN ADCC of BCP-ALL  cells (Figure 

37C).  
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Figure 37: Generation and functional studies with  rituximab based AbLecs. 

(A) SDS-PAGE gel of rituximab-Siglec-7 (R7) and rituximab-Siglec-9 (R9) AbLecs under non-reducing (n.r.) and 

reducing (red.) conditions. Shown are the mean MFI values ± SEM of three biological experiments. (B) Binding 

of different concentrations of AbLecs, rituximab and Siglec-Fc proteins on MUTZ-5 BCP-ALL cells, measured 

by flow cytometry, detected by anti-human IgG FITC-conjugated antibody.  (C) Cell lysis rates in PMN ADCC. 

MHH-CALL-4 and MUTZ-5 cells served as targets in [51Cr] release assays with GM-CSF (50 U/ml) stimulated 

PMN at an E:T cell ratio of 80:1. Antibodies and AbLecs were titrated (100, 25, 5, 1, 0.1 nM) and the control 

antibody used at 100 nM.  Shown are mean values ± SEM as % specific lysis of three independent donors (n=3). 

Data were analysed by two-way ANOVA, and significant differences between samples (*) are indicated. 

Taken together these results show that trastuzumab-based AbLecs are efficient antibody formats to 

induce PMN mediated ADCC of HER2 positive cancer cells. On the other hand, rituximab based 

AbLecs did not induce PMN mediated ADCC, however, so far only two cell lines were tested. These 

molecules require further functional evaluation.  
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4.6 Potential ligands that regulate PMN ADCC through Siglec-9 

In the following paragraphs, the focus is laid on the identification of ligands for Siglec-9 and Siglec-7, 

as potential targeting antigens on cancer cells to improve PMN antibody-mediated cytotoxicity. 

4.6.1 Siglec-9 binds to synthetic cancer associated carbohydrate antigens  

Dr. Bräutigam from Tacalyx employed a broad panel (Supplementary Figure 1, Supplementary Figure 

1), of 32 chemically synthesized tumor associated carbohydrate antigens (TACA) to analyse for binding 

of soluble Siglec-9- and Siglec-7-Fc fusion proteins. In this glycan array, Siglec-9-Fc (black) was found 

to predominantly bind to five TACA, including sialyl-Lewis-A (sLeA, CA19-9), sialyl-Thomsen-

nouvelle (sTn) and sialyl-Lewis-X (sLeX), but not or only weakly to the other tested sialoglycans (Figure 

38). Siglec-7-Fc did not bind to any of the TACA (data not shown). Immunofluorescence analyses with 

specific mouse antibodies against CA19-9, sLeX and sTn demonstrated that MDA-MB-468 and SK-BR-

3 cells express low levels of CA19-9, high levels of sLeX and do not express sTn (Figure 39A-B). 

Together, these results suggest that sLeX or CA19-9 could be putative ligands for Siglec-9, but their role 

in regulating PMN mediated cytotoxicity requires further studies. Despite of sLeX high expression on 

the breast cancer cells, no suitable sLeX human IgG antibody is available commercially so far, directing 

the study to focus on CA19-9. 

 

Figure 38: Siglec-9-Fc binds to synthetic cancer associated carbohydrate antigens. 

Tumor associated carbohydrate antigens (TACA) with O-glycosylation structure bound to an amino-pentanol 

linker were analysed for their ability to bind soluble Siglec-9-Fc (black, 100 µg/ml). Reference antibody CA19-9 

(grey, 0,01 µg/ml) binds only to CA19-9. Shown are the mean values +/- SEM of three individual experiments. In 

each experiment, six data points for each glycan were collected and up to two data points were excluded if the 

background was too high.  
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Figure 39: Breast cancer cell lines express Siglec-9 binding TACA . 

Expression of CA19-9, sialyl Lewis X (sLeX) and sialyl-Thomsen-nouvelle (sTn) on MDA-MB-468 and SK-BR-3 

cells was analysed by indirect flow cytometry. Binding of primary antibodies (anti-CA19-9 mIgG1, anti-sTn 

mIgG1 or anti-sLeX mIgM, 10 ɛg/ml) were detected with FITC-conjugated goat anti-mouse IgG and IgM-specific 

F(ab)2 fragments. Ctr, FITC-conjugated goat anti-mouse IgG and IgM-specific F(ab)2 fragments. (A) 

Representative histograms of three replicates are shown. (B) Bar plots show mean fluorescence intensity (MFI) 

values +/- SEM of three individual experiments (n=3). * depicts significant differences (p < 0.05) compared to the 

control (one-way ANOVA). n.s., not significant. 

4.6.2 Targeting CA19-9 improves PMN ADCC of CA19-9 positive cancer 

cells.   

To further analyse CA19-9 as putative ligand for Siglec-9, a CA19-9 positive cell line was chosen. T84 

is a cell line derived from lung metastases of a colon cancer patient153. Via flow cytometry, the 

expression of CA19-9 was tested on T84 cells (Figure 40A). To analyse the importance of CA19-9, T84 

cells were treated with a neuraminidase to reduce CA19-9 expression on the cell surface (Figure 40A). 

Next, CA19-9 was tested as target ligand in PMN ADCC. T84 cells were lysed more in PMN ADCC 

driven by the human CA19-9 IgG1 antibody compared to an irrelevant isotype control, and 

neuraminidase treatment of T84 cells, showed less cell lysis, probably because of lower antibody binding 

(Figure 40B). The same benefit of lysis was achieved also by combining the CA19-9 antibody with a 

myeloid checkpoint blockade (Figure 40C). CD47 blocking antibody with a non-functional Fc part to 

prevent unspecific lysis was used to inhibit the interaction between CD47 on T84 cells and SIRPŬ on 

PMN. The combination of these two strategies further improved the lysis of T84 cells in PMN ADCC 

of CA19-9 antibody monotherapy. These results suggest that CA19-9 is a putative ligand to target in 

order to activate PMN against cancer cells. 
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Figure 40: CA19-9 is a cancer associated carbohydrate antigen that can be targeted to improve PMN ADCC. 

(A) Expression of CA19-9 as analysed by flow cytometry with an anti ( )h-human CA19-9 mIgG1(10 ɛg/ml) 

detected with FITC-conjugated goat anti-mouse Fcɔ-specific F(ab)2 fragments on untreated and neuraminidase 

(NEU-VC, 0.1 U/ml) treated T84 cells. Representative dot plots are shown (left panel). The reduction of CA19-9 

expression after NEU treatment on gated T84 cells as mean % values ± SEM of three independent replicates are 

shown (right panel). Significant differences calculated with parametric paired student t-test (p < 0.05) are indicated 

(*). (B+C) T84 cells served as targets in [51Cr] release assays with GM-CSF (50 U/ml) stimulated PMN at an E:T 

cell ratio of 40:1. (B) Effect of the anti-human CA19-9 hIgG1 (10 ɛg/ml). (C) Combination of the anti-human 

CA19-9 hIgG1 with the CD47 blocking antibody (20 ɛg/ml). Significant differences (p < 0.05) are indicated: anti-

human CA19-9 hIgG1 vs. isotype ctr (*) and NEU treatment (B) or CD47 block (C) are indicated (#) (one-way 

ANOVA). Shown are mean values ± SEM as % specific lysis of three independent donors (n=3). 
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