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SUMMARY

Summary
The importance of immune system’s role in controlling or stimulating the progression of
malignant diseases is well established. Cancer cells often take advantage of the natural
pathways that dampen the immune response, such as immune checkpoints, to escape from
immune surveillance. In recent years, the field of immuno-oncology has been revolutionized
by utilizing blocking antibodies which target immune checkpoints programmed death-1 (PD1)
and CTL associated protein 4 (CTLA4) and restore the antitumor immune response. Among
others, the myeloid-specific cluster of differentiation 47 (CD47) and signal regulatory protein
alpha (SIRPα) axis has emerged as a new therapeutic target in cancer immunotherapy. CD47
is expressed ubiquitously as a “don’t eat me” signal, which negatively regulates clearance of
cells by interacting with the SIRPα receptor on phagocytes. Activation of the immune system
by blocking CD47 has shown encouraging results, but the ubiquitous expression of CD47 on
healthy cells proposes potential limitations for such therapies.
Here, the targeted blockade of CD47 is tackled for acute myeloid leukemia (AML) and
neuroblastoma (NBS). A considerable subset of people suffering from these diseases do not
benefit from current treatments, highlighting the urgent need for novel therapies. Latest
advances in the treatment of high-risk AML and NBS patients indicate that activating
macrophages could improve the prognosis. The present work establishes bifunctional fusion
antibodies that locally block the CD47/SIRPα checkpoint and boost the macrophage-mediated
cancer clearance. The bifunctional fusion antibodies consist of an AML targeting αCD123 or
NBS specific αGD2 antibody fused with the endogenous SIRPα domain. This format takes
advantage of the naturally occurring weak binding of SIRPα, which is not efficient in targeting
CD47 by itself. Thus, the CD47 blockade by the SIRPα-antibody fusion molecules relies on
the cancer specific antibody moiety.
In AML, two versions of the fusion antibodies, 1×SIRPα-αCD123 and 2×SIRPα-αCD123, are
investigated. A strong binding to cancer cells is observed for both of the SIRPα-αCD123
antibodies even in the abundance of CD47 positive healthy cells. The molecules effectively
block CD47 and enhance phagocytosis of AML cell line MOLM-13. Moreover, SIRPααCD123 antibodies are potent stimulators of primary patient derived AML cell phagocytosis
mediated by allogeneic and autologous macrophages. The fusion antibodies further induce high
natural killer cell-mediated lysis of AML blasts. Importantly, the 2×SIRPα-αCD123 induces
an extreme reduction of leukemic stem cells (LSC), which are the main cause for AML relapse.
Collectively, the results establish the SIRPα-αCD123 antibodies as a promising approach for
AML therapy as they minimize the risk of targeting healthy cells while efficiently eliminating
AML LSCs.
Two conformations of fusion antibodies are evaluated for NBS, SIRPα-αGD2 and αGD2SIRPα. Both molecules are generated for human and mouse. Although, species-specific
1
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differences are observed for SIRPα domain binding, the αGD2-SIRPα fusion antibody
demonstrates specific targeting of cancer cells in both human and mouse setting in vitro. αGD2SIRPα molecules further exhibited a potent NBS cell phagocytosis and are thus proposed as
highly promising candidates for future studies, including in vivo evaluation of the molecules.
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1. Introduction
1.1.

Basic principles of the human immune system

The primary role of the immune system is to protect the host against various potentially harmful
external agents and endogenous perturbations of homeostasis. It is divided into innate and
adaptive responses that are composed of a complex network of cells and soluble factors. The
innate immune system includes cells such as macrophages, dendritic cells (DCs), neutrophils
and innate lymphoid cells of which the most well-known are natural killer (NK) cells.
Germline-encoded pattern recognition receptors are an integral part of the innate immunity [13]. They recognize invariant pathogen or damage-associated molecular patterns as danger
signals to discriminate between self and non-self [2, 4, 5]. On the other hand, the adaptive
immune system comprised of T and B lymphocytes can distinguish between a vast number of
unique antigenic determinants through somatically diversified receptors and forms a highly
effective immunological memory [6-8]. Synergy between the innate and adaptive immunity is
essential for an intact, fully effective immune response. The innate immune system, namely
macrophages and DCs, sense danger signals and acquire antigens to present them to T
lymphocytes via the major histocompatibility complex (MHC) molecules to initiate the
adaptive immune response [9]. Only properly stimulated T lymphocytes that have recognized
the presented antigen by specific T cell receptors (TCRs) can acquire effector functions. Cluster
of differentiation 8 (CD8) expressing cytotoxic T lymphocytes (CTL) kill antigen-expressing
cells and CD4 positive T helper cells orchestrate humoral responses through B cells or modify
the behavior of other cells like macrophages and neutrophils [9, 10]. Antibodies produced by
B cells in turn opsonize invaders for macrophage-mediated antibody dependent cellular
phagocytosis (ADCP) or NK cell-mediated antibody dependent cellular cytotoxicity (ADCC)
via activation of receptors sensing the antibody’s fragment crystallizable (Fc) domain.
Macrophages also act as effector cells by inducing antimicrobial responses and both
macrophages and NK cells recognize signals that represent missing-self and can mount a
phagocytic and/or cytotoxic response, respectively [5, 11, 12]. Coordination of interactions
between tissues, cells and soluble factors within the immune system is highly complex. Insights
into the regulation of the immune system in health and disease have paved the way for
developing new therapeutic interventions for conditions that are highly influenced by the
immune system, such as cancer.

1.2.

Immune system in cancer

1.2.1. Immunosurveillance
Cancer progression is a multistep process where genome instability, mutations and tumorpromoting inflammation enable the abnormal growth of tumor cells [13]. Already in the early
1900s Paul Ehrlich reasoned that cancer would be quite common in long-lived organisms if not
3
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for the protective effects of immunity [14]. In 1960s, Macfarlane Burnet and Lewis Thomas
further formulated the “cancer immunosurveillance” hypothesis suggesting that the immune
system must be able to eliminate the majority of newly arising potentially dangerous mutant
cells before clinically detectable cancers arise [15-19]. Nevertheless, it took years until
experimental and clinical evidence confirmed the existence of cancer immunosurveillance [19].
In addition to fundamental insights derived from mouse studies, the hypothesis was further
supported by observations that people with immune deficits have higher probability of
developing cancer [20-23]. It was also noted that an increased number of lymphocytes within
the tumor correlated with higher patient survival confirming their role in tumor progression
control [24-33].
Both the innate and adaptive arms of the immune system participate in cancer
immunosurveillance [19]. In early phases of the tumor progression, transformed cells are
recognized by NK cells that detect the aberrant expression of surface proteins such as MHC
class I chain-related protein A and B (MICA/B) [34, 35] or sense the loss of MHC class I as a
signal of missing self [36, 37]. Activation of CTL relies on the expression of cancer specific
immunogenic peptides, called neoantigens, induced by intrinsic genetic damage [38, 39].
Antigen presenting cells (APCs) take up debris from dying cancer cells and present the
neoantigens to T cells through the MHC class I or MHC class II [40]. Importantly, APCs must
also provide an additional co-stimulation that specifies immunity for a successful activation of
T cells. It is proposed that the signals leading to the expression of co-stimulatory molecules on
DCs, such as CD80/CD86, could be proinflammatory cytokines or factors released by dying
tumor cells or by the gut microbiota [41]. When activated, CTLs can recognize the neoantigen
- MHC class I complex via the TCR and subsequently kill the cancerous cell [41]. Tumor
infiltrating lymphocytes additionally produce interferon-gamma (IFNγ) [42] which stimulates
macrophages to induce cancer cell death [43-45]. Nevertheless, cancer cells exploit several
mechanisms to overcome immune surveillance and thereby clinically detectable tumors can
ultimately arise [19].

1.2.2. Immune editing and escape
The ability to survive an immune attack has been recognized as one of the major hallmarks of
cancer [13]. Cancer cells do not just persist under immune surveillance but variants that are
better suited to thrive are selected. This process is called immune editing and, eventually leads
to immune escape of cancerous cells [19].
The traits that malignant cells acquire to escape from the immune system are various. For
example, malignant cells downregulate their expression of MHC class I molecules to escape
from CTL-mediated clearance [46-51]. Although NK cells specifically recognize the missing
MHC class I molecules, cancer cells also evade recognition by modulating the expression of
ligands to deactivate NK cells [52, 53]. Moreover, malignant cells tune the tumor
4
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microenvironment by secreting immunosuppressive molecules, such as indoleamine 2,3dioxygenase (IDO) which catabolizes tryptophan and suppresses T and NK cell functions [5456].
Inhibitory immune cells, such as myeloid-derived suppressor cells (MDSC) and regulatory T
cells (Treg), further contribute to the tumor permissive immune environment. MDSC are
tumor-programmed immature myeloid cells that can suppress anticancer T cell activity by
controlling the availability of arginine, which is needed for effector T cell proliferation, and
promote Tregs [57, 58]. Tregs are crucial for maintenance of self-tolerance and control of
inflammatory responses under normal circumstances [59]. In the tumor microenvironment
Tregs suppress effector T cell functions through sequestering interleukin 2 (IL2), secreting
immunosuppressive cytokines and constitutively expressing CTL associated protein 4
(CTLA4) [60]. The latter has been shown to participate in the Treg dependent downregulation
of the co-stimulatory CD80/CD86 molecules on APCs which in turn leads to decreased CD28mediated activation of CTLs [61].
Besides MDSC accumulation, tumors also promote tolerogenic environment by inducing
tumor-associated macrophages (TAMs). Macrophages have the potential to attack and
eliminate tumor cells, but TAMs exhibit many protumor roles that interfere with the function
and proliferation of immune effector cells [62]. TAMs can have many phenotypes that fall
along a continuum between tumor killing (M1) or tumor promoting (M2) subtypes. The M1
macrophages are functionally pro-inflammatory and cytotoxic whereas M2 macrophages act
preferentially in anti-inflammatory responses and tissue repair [62]. The protumor TAMs
suppress T cell activity by depleting of arginine in the tumor microenvironment [62]. TAMs,
among other cells, express the ligands of the inhibitory receptors programmed cell death
protein 1 (PD1) and CTLA4, leading to a negative regulation of NK cells and CTLs [62].
PD1 receptor is mostly known as an inhibitory receptor expressed on activated T cells [63].
PD1 interacts with its ligands PDL1 and PDL2 to prevent overreaction of the immune response
and is thus called “immune checkpoint”. Cancer cells take advantage of this checkpoint and
upregulate PDL1 and PDL2 to negatively regulate T cell function, promote their exhaustion
and escape from immune recognition [64-66]. Furthermore, PDL1 is expressed on TAMs and
DCs where it negatively regulates the immunosuppressive properties of tumor-specific T cells
[67-69]. PD1 likewise does not only control the function of T cells but also negatively regulates
the anticancer response of the innate immune system, such as macrophages, NK cells and group
2 innate lymphoid cells [70-72].
Another inhibitory checkpoint molecule expressed on tumor cells is the CD47 “don’t eat me”
signal [73-76]. CD47 negatively regulates phagocytosis by interacting with the signal
regulatory protein alpha (SIRPα) receptor on monocytes, macrophages and DCs [11, 73, 74].
These phagocytes function as APCs that present antigens from engulfed cells and thus, CD47
5
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overexpression compromises the activation of both innate and adaptive antitumor immunity
[77-79].

1.3.

Cancer immunotherapy

The goal of cancer immunotherapy is to overcome the tumor induced evasion by (re)activating
the immunity against cancer. In 1893, William Coley, a pioneer in the field of cancer
immunotherapy, observed a regression of inoperable tumors after a bacterial infection and
thereafter treated his patients by boosting their immune system with “Coley’s toxin” [80].
Although this method was set aside when radiation therapy gained popularity, significant
advances have later been made and cancer immunotherapy is now established as a fifth
modality in cancer treatment besides surgery, radiation, chemotherapy and targeted therapies.
The important role of the immune system in cancer treatment is illustrated by the fact that the
efficacy of some chemotherapeutic drugs and radiotherapy depends at least in part on the
immune response stimulated by the immunogenic death of cancer cells and does not only rely
on the direct cytostatic/cytotoxic effects [81-83]. In the last decades, several novel strategies
aiming to enhance the anticancer immune response have been developed, such as adoptive T
cell therapy, monoclonal antibodies, cancer vaccines and immune system modulators. From
these, monoclonal antibodies targeting the CTLA4 and PD1/PDL1 immune checkpoints have
led the revolution of the immuno-oncology field [84-86].

1.3.1. Monoclonal antibodies
Antibodies, also called immunoglobulins (Ig), are proteins that are secreted by plasma cells as
a part of the natural adaptive immune response. Plasma cells are terminally differentiated B
cells that have recognized their cognate antigen and stimulated by T helper cells [87].
Antibodies are relatively large proteins composed of light and heavy chains that are connected
by disulfide bonds [88]. The light (L) chain consists of one variable (V) and one constant (C)
domain, whereas the heavy (H) chain has one V and several C domains (Figure 1) [87]. VH
and VL domains determine the antigen to which the antibody is binding [89] and the heavy
chain C regions establish the isotype of the immunoglobulin [87]. There are five main isotypes
of different effector functions – IgA, IgD, IgE, IgG, IgM and two types of light chains called
kappa (κ) and lambda (λ) [87]. Antibodies have been historically characterized based on the
structural regions after treatment with the protease papain [90]. Upon cleavage of the IgG
antibody by papain two fragments are formed. The antigen-binding fragment (Fab) contains
VL-CL and VH-CH1 domains and the Fc contains the CH2-CH3 domains and binds to Fc
receptors on effector cells (Figure 1).
The 12 domains of the IgG molecule are folded to a distinct structure called the
immunoglobulin-fold (Ig-fold, Figure 1A). In this structure, antiparallel β-strands connected
with flexible loops form two layers of β-sheets that are linked by a disulfide bond [87]. The
6
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flexible loops of the outer edges of the V domains form the hypervariable antigen-binding site
[87]. Each V domain has three hypervariable sequences that form a surface complementary to
the antigen and are termed the complementarity-determining regions (CDRs) [87]. Both the
CDRs from VH and VL domains contribute to the antigen-binding site and determine the final
specificity [87, 89].

Figure 1. Crystal structure and schematic representation of an IgG antibody. (A) Crystal structure
of an IgG1 monoclonal antibody (PDB 1IGT). Each domain in the antibody consist of a distinct Ig-fold
structure. (B) Schematic representation of the antibody. IgG antibodies consist of two heavy (H) chains
(pink and brown) and two light (L) chains (purple and green) stabilized by inter-chain disulfide bonds.
Both light and heavy chain have a variable (V) region at the N-terminus followed by constant (C)
domain(s). Antibodies can be further divided into antigen-binding fragment (Fab) and fragment
crystallizable (Fc) regions.

The IgG isotype is the most prevalent antibody in the serum [87]. Human IgGs are further
subdivided into four classes (IgG1, IgG2, IgG3, and IgG4) that have different binding affinities
to activating and inhibiting Fc gamma receptors (FcγRs) or to the neonatal Fc receptor (FcnR)
regulating antibody half-life [91, 92] (Table 1). There are four activating receptors
(FcγRI/CD64, FcγRIIA/CD32A, FcγRIIC/CD32C, FcγRIIIA/CD16A) and one inhibitory
receptor (FcγRIIB/CD32B). Activating FcγRs need the immunoreceptor tyrosine-based
activation motifs (ITAMs) while the inhibitory FcγRIIB carries the immunoreceptor tyrosinebased inhibition motif (ITIM) that negatively regulates the effector functions [93, 94].
Antibody bound immune complexes stimulate tyrosine phosphorylation of FcγRs ITAMs by
the Src family kinases leading to the activation of various downstream targets [95]. All IgG
antibodies, except the IgG4, can also initiate the classical activation pathway of the
complement when bound by the antigen to aid phagocytosis or to directly destroy pathogens
[87].
7
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Table 1. Affinity constants (KA) for human IgG subclass binding to human FcγRs (×105 M−1).
Adapted from Bruhns et al 2012.
Receptor

FcγRI

FcγRIIA*
H131

Function
IgG1
IgG2
IgG3
IgG4

Activation
650

FcγRIIB/C

FcγRIIC**

R131

Activation
52
35

FcγRIIIA*
V158

Inhibition
1.2

Activation
1.2

F158

Activation
2
11.7

610

4.5
8.9

1.0
9.1

0.2
1.7

0.2
1.7

0.7
98

0.3
77

340

1.7

2.1

2.0

2.0

2.5

2.0

High-affinity binding is represented in pink. * For FcγRIIA variants H131/R131 and FcγRIIIA variants
F158/V158 the mutation is in the extracellular domain of the receptor [91]. ** expressed in Fcgr2c-ORF
persons [91].

1.3.1.1. IgG1 functions
IgG1 molecules can recruit the innate immune effectors such as NK cells, macrophages or DCs
by the activating human FcγRs. NK cells express the FcγRIIIA that activate ADCC via release
of cytolytic granules containing perforin and granzymes at the immunological synapse [96].
Macrophages are professional phagocytes that express activating receptors FcγRI, FcγRIIA
and FcγRIIIA. These receptors can facilitate ADCP by engulfing the immune complex via
remodeling of the actin cytoskeleton and subsequent degradation of the material in lysosomal
compartments [91, 97]. Tumor cell clearance by therapeutic antibodies can be facilitated by
TAMs via both ADCC or ADCP [98]. Macrophage-mediated and FcγR-dependent ADCP can
also be the prominent mechanism for removal of tumor cells from the circulation and
preventing metastatic dissemination [99]. DCs also participate in the uptake of antibody
opsonized material through FcγRI and FcγRIIA which can lead to cross-presentation of cancerderived peptides to CTLs through MHC class I molecules stimulating their anticancer effector
functions [91, 100].
Due to their ability to induce effector functions, IgG antibodies have been generated for
decades to be used as therapeutic approaches. In 1975, Milstein and Köhler produced hybrid
cells termed hybridomas by fusing cells from an immunized mouse spleen with mouse
myeloma cells [101]. These immortal cells could be used to produce predefined specific
monoclonal antibodies (mAbs) from a single B cell clone in high quantities. The early clinical
trials with murine anticancer mAbs were nevertheless disappointing as they yielded low IgGmediated cellular effector responses [102]. The main reasons for this were immunogenicity,
short half-life and depressed immune‐mediated effector functions of murine mAbs in humans
[103]. The use of chimeric, humanized or fully human mAbs has helped to overcome these
limitations [102, 103]. Chimeric antibodies consist of a murine variable region fused to
constant domains of a human antibody backbone while humanized antibodies contain the
murine sequence only in CDRs that actually interact with the antigenic target [102]. The
8
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majority of the antibodies currently used in anticancer therapy contain the human IgG1 heavy
chain [102, 104]. Importantly, the therapeutic mAb-mediated activation of immune system via
ADCP or ADCC is clinically validated to be an important component of the antitumor activity
[105-109].
The ability to specifically target various surface antigens has warranted for the use of mAbs in
various applications in addition to the FcγR-mediated mechanisms. For example, the IgGmediated complement activation has been shown to play at least a partial role in the anticancer
effect of the CD20-targeting antibody rituximab [110]. Some mAbs are directly blocking
membrane receptors to inhibit tumor cells from receiving activation signals and many are used
as carriers of toxins and radioactive elements providing a much more selective therapy than
conventional chemo- or radiotherapy [109]. MAbs can also enhance the antitumor immune
responses by directly targeting the immune cells. The most well-known are the CTLA-4 and
PD1 mAbs that block T cell negative signaling and promote their effector functions [109].
MAbs are one of the fastest growing drug class to date and more than 60 antibody drugs are
approved for clinical use, of which over half are for cancer therapy [104, 111]. Although mAbs
have provided beneficial effects to date, novel antibody constructs are an area of great research
to improve and broaden the effector functions. Recombinant DNA technology has enabled to
move on from hybridomas to mammalian cell expression systems for the production of mAbs.
This provides the possibility to produce humanized, bispecific antibodies and various other
antibody-derivatives for therapeutic purposes.

1.3.2. Success with CTLA4 and PD1/PDL1 blockade
Both CTLA4 and PD1/PDL1 pathways act as immune checkpoints that limit the activity of
self-reactive T cells. Unfortunately, this translates into a suppressed immune response within
the tumor microenvironment [86]. Five blocking mAbs targeting PD1 (nivolumab,
pembrolizumab, cemiplimab, sintilimab, toripalimab, camrelizumab), three targeting PDL1
(atezolizumab, avelumab, durvalumab) and one targeting CTLA4 (ipilimumab) are currently
approved in clinics [112, 113]. These antibodies have provided substantial survival benefit with
durable responses in many different tumor settings and have fundamentally changed cancer
treatment [114-116].
CTLA4 is a negative regulator of T cells that have engaged their cognate antigen via TCR.
When anti-CTLA4 mAbs bind to the receptor, they block its interaction with the CD80/CD86
on APCs which allows for the activating T cell receptor CD28 to bind CD80/CD86 instead
[117, 118]. The exact mechanism of CTLA4-targeting antibodies is nevertheless under debate
[119]. Recent evidence proposes an alternative mode of action where engagement of FcγRs
contribute to the antitumor effects of anti-CTLA4 [120, 121]. Depletion of Tregs via ADCC or
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ADCP has been suggested as some of the FcγR dependent mechanisms that contribute to the
clinical effect of CTLA4-targeting antibodies [119, 122].
PD1 is best known for attenuating the activated T cell effector functions in the periphery
through interacting with PDL1 and PDL2 on target cells or APCs [63, 65, 66]. PD1/PDL1blocking antibodies disrupt the negative signaling through PD1 on T cells, revert their
exhausted state and allow them to attack cancer cells [66, 123]. Recent studies have shown that
the mechanism behind PD1/PDL1 blockade may, however, be more complex. PDL1 on APCs
might play bigger role in regulating the antitumor T cell responses than previously thought
[124, 125]. In addition to preventing T cell exhaustion, PD1/PDL1 axis blockade boosts APCmediated T cell priming and expansion [126]. Furthermore, direct regulation of PD1 signaling
on myeloid cells might be crucial for the success of anti-PD1 therapy. PD1 expression on
macrophages inhibits phagocytosis and limits tumor control [72]. Preclinical data also indicates
that PD1 blockade on myeloid cells induces a shift from immature MDSCs towards
differentiated monocytes, macrophages and DCs that orchestrate an enchased T cell response
against tumors [127].
As CTLA4 and PD1/PDL1 are crucial regulators of the immune system it is not surprising that
blocking their function systemically causes serious immune-related adverse events that mostly
manifest as autoimmune toxicities against self-tissues [112, 128]. New therapeutics that restrict
the checkpoint blockade to the tumor site instead of systemic application have been proposed
to tackle this issue [129]. It was recently reported that PD1/PDL1 blockade might play a more
deceive role in the tumor draining lymph nodes than in the tumor [130] and corresponding
therapeutic antibody formats could thereby provide more efficient and safer strategies in the
future.
Still, anti-CTLA4 and anti-PD1/PDL1 have undoubtedly changed the field of immunooncology by inducing durable responses even in advanced cancer cases [84-86]. New strategies
for cancer treatment are nevertheless sought as only a minority of people currently respond to
the established immune checkpoint blockade therapy and a considerable population of patients
suffers from dangerous adverse events [112, 131]. Big part of cancer immunotherapy has been
focusing on enhancing T cell functions but innate cells, such as DCs, macrophages and NK
cells, likewise play a key role in cancer immune surveillance. This is illustrated by the fact that
the most successful immunotherapy in clinics to date, the PD1/PDL1 blockade, does not only
directly regulate T cells but also the myeloid compartment. New therapies and combinations
that take advantage of the full scope of the immune response and broaden the responsive patient
subset are clearly needed.

10

INTRODUCTION

1.4.

The myeloid specific CD47/SIRPα checkpoint

1.4.1. General information about the CD47/SIRPα axis
CD47/SIRPα has emerged as a myeloid-specific axis that negatively regulates phagocytic
clearance of cells. CD47 is a transmembrane protein composed of an extracellular N-terminal
Ig V-like domain, five transmembrane domains and a carboxy-terminal cytoplasmic tail [132].
It is ubiquitously expressed across different cell types in the body [133]. CD47 was first
described to activate and associate with certain integrins and was thus called integrinassociated protein (IAP) [134]. Later, it was demonstrated that the extracellular domain of
CD47 interacts with other molecules such as thrombospondin-1 and, importantly, negatively
regulates macrophage-mediated engulfment of cells through SIRPα receptor signaling [11,
135]. Modulation of CD47 expression has been subsequently shown to regulate the
homeostasis of red blood cells (RBCs), platelets and hematopoietic stem cells (HSCs), among
others [73, 74, 135, 136]. CD47 also seems to regulate anti-viral immune responses. Its
analogues can be expressed on some viruses and upregulation of CD47 during viral infection
has been demonstrated [79]. CD47 was first cloned from cells of an ovarian tumor and both
solid and hematological malignancies exploit the CD47/SIRPα axis as an escape mechanism
to avoid surveillance by the innate immune cells [73, 76, 137, 138].
SIRPα, known as CD172a, is an inhibitory member of the SIRP family (Figure 2) [139]. Other
members include the activating SIRPβ and SIRPγ that have closely related extracellular regions
but distinct cytoplasmic tails [139]. SIRPα and SIRPβ are expressed mainly by myeloid cells
whereas SIRPγ is found on T cells and NK cells [140, 141]. The SIRPα ligand CD47 interacts
with SIRPγ although the exact role of the interaction is not clear [140]. SIRPα contains one Ig
V-like and two Ig C-like domains, a single transmembrane region, and a cytoplasmic region
with inhibitory ITIM domain [140]. The recognition of the CD47 “don’t eat me” signal by the
V-like domain of SIRPα leads to phosphorylation of ITIMs in the cytoplasmic domain by Src
family kinases [139]. This mechanism of regulation is achieved by retaining SIRPα at the Src
kinase-rich phagocytic synapse [142]. Phosphorylated SIRPα recruits the phosphatases Src
homology region 2 domain-containing phosphatase 1 (SHP1) and SHP2, which
dephosphorylate targets upstream of integrin activation and inhibit phagocytosis through
mechanisms involving deactivation of myosin IIA [11, 142, 143].
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Figure 2. Schematic structures of SIRP family and signaling of SIRPα. SIRPα, SIRPβ1 and SIRPγ
have been characterized in humans. The extracellular regions of SIRP receptors consist of one variable
(V)-like and two constant (C)-like immunoglobulin (Ig) domains. CD47 is reported as a ligand for
SIRPα and SIRPγ. SIRPβ1 ligand has not been identified. CD47 has one Ig-like domain. CD47 binding
to SIRPα leads to tyrosine (Y) phosphorylation (P). Phosphorylated SIRPα recruits phosphatases
(PTPase) SHP1 and SHP2 via their phosphobinding SH2 domains. Their activation leads to downstream
regulation by the PTPase domain. SIRPβ1 signaling is mediated by DAP12. SIRPγ lacks cytoplasmic
signaling motifs and the signaling mechanism remains unclear. CD47 does not have a substantial
cytoplasmic signaling domain but has been shown to participate in signal transduction [144]. Figure
adapted from Matozaki et al 2009.

The interaction of CD47/SIRPα is species-specific [145]. Human and mouse CD47/SIRPα
interaction is generally not compatible with the exception of the non-obese diabetic (NOD)
strain mice that express a variant of SIRPα that binds to human CD47 with especially high
affinity (approximately 7.5 times more than human SIRPα) [146]. This makes the NOD mouse
a particularly good host for engraftment of human cells as a strong “don’t eat me” signal is
present [146, 147]. Nevertheless, caution must be exercised when using these mice to study the
therapeutic effects of CD47/SIRPα interaction as its disruption could have a stronger impact.
Cynomolgus monkey CD47 differs from human by 3 amino acids, none of which are present
in the CD47/SIRPα interaction interface [148, 149] and they have been used to study effects of
axis blockade on healthy cells such as RBCs [149, 150]. Although both mouse and human IgVlike domain of SIRPα is highly polymorphic, there is not much intraspecies variation at the
CD47 interaction site [147, 151, 152]. CD47 is essentially nonpolymorphic [152].

1.4.2. Therapeutic targeting of the CD47/SIRPα axis
Cancer cells exploit the CD47/SIRPα axis to avoid surveillance by the innate immune system
and the therapeutic targeting of this checkpoint is intensely investigated. Elevated levels of
CD47 have been observed in several malignancies including non-Hodgkin lymphoma (NHL),
12
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acute myeloid leukemia (AML), melanoma, glioblastoma in addition to ovarian, breast, colon,
bladder, hepatocellular, prostate and small-cell lung cancers [73, 75, 76, 153, 154]. The
feasibility of targeting the CD47/SIRPα axis was first verified preclinically using the antihuman CD47 blocking antibody B6H12 which successfully boosted the clearance of tumor
cells [73, 75, 76]. These advances led to the development of a first-in-class CD47-blocking
antibody magrolimab (Hu5F9-G4) that is currently being evaluated in various clinical trials
[150, 155].
The disruption of the CD47/SIRPα axis alone is not enough and pro-phagocytic signals are
needed for an efficient phagocytosis of tumor cells (Figure 3) [75, 153, 156-158]. These
positive signals can include expression of calreticulin and opsonization of target cells by
antibodies or complement components [159, 160]. On the other hand, SIRPα receptor signaling
is sufficient to counteract the positive pro-phagocytic signals (Figure 3A) [160]. B6H12 is a
murine IgG1 antibody that has limited potential to bind the human activating FcγRIIA and can
thus provide some activating signals in addition to CD47 blockade [161]. Accordingly, its Fab
domain only blocks CD47 but does not induce tumor cell clearance alone [157, 162].
Magrolimab is a human IgG4 class antibody that can bind FcγRI and, thus, activate
macrophages to some degree [91, 92]. Although magrolimab monotherapy has shown some
evidence of anticancer activity in AML phase 1 clinical trial, it has not been further developed
as a single agent [158, 163, 164]. In contrast, human IgG1 antibodies can engage different types
of activating FcγR receptors and are known to be good stimulators of the immune system
effector functions [91, 92]. Combining human IgG1 with CD47 blockade can provide a strong
positive signal for effector cells and simultaneously remove the inhibiting “don’t eat me” signal
(Figure 3C). To achieve this synergy in humans, magrolimab has been combined in clinical
trials with the IgG1 class antibodies rituximab, cetuximab and avelumab in addition to the
calreticulin-inducing azacitidine, which all provide a strong pro-phagocytic signal [155, 158,
165-167]. The combination of a cancer specific IgG1 and CD47 blockade seems to be highly
beneficial at least in some indications. In a phase 1b trial of rituximab and magrolimab
combination where 95% of B-cell NHL patients were refractory to rituximab, 50% were
reported to reached objective response (OR) and 36% complete response (CR) upon receiving
the combination therapy [167]. Synergy between cancer-specific antibodies and CD47
blockade has been also demonstrated by using the recombinantly expressed high affinity SIRPα
domain CV1 in preclinical studies [149, 153]. A phase 1 clinical study combining the high
affinity SIRPα domain as CD47 blocker (ALX148) in combination with standard anticancer
antibodies and chemotherapy is ongoing [168].
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Figure 3. Blocking the inhibitory CD47 signaling boosts phagocytosis. (A) CD47/SIPRα interaction
inhibits phagocytosis (-) even in the presence of a pro-phagocytic signal (+). (B) Human IgG4 αCD47
antibodies, such as magrolimab, block CD47 and activate FcγR to some extent but phagocytosis is more
efficient in the presence of an additional pro-phagocytic signal, such as calreticulin [160]. (C) Cancer
antigen specific human IgG1 antibodies provide a strong FcγR activation and synergize with CD47
blockade despite the lack of an additional pro-phagocytic signal.

Macrophage-mediated phagocytosis is the most extensively studied mechanism of action that
promotes effects observed in tumor control upon CD47/SIRPα pathway inhibition. Anti-CD47
treatment has been described to enhance the phagocytosis of tumor cells by both M1 and M2
macrophage subtypes in xenograft mouse models of glioblastoma [169]. Furthermore, antiCD47 treatment led to a shift towards M1 subtype which also exhibited a higher phagocytosis
rate [169]. Besides macrophages, neutrophils express SIRPα and can be stimulated via the
CD47/SIRPα blockade to facilitate ADCC [156, 162]. A growing body of evidence further
indicates that the adaptive immune system and especially the activation of CTLs contributes to
elimination of cancer cells upon CD47 blockade as a result of improved antigen presentation
by APCs [77, 78, 170]. Macrophages that phagocytose target cells in the presence of anti-CD47
antibody were shown to enhance the antigen specific T cell-mediated killing of cancer cells
[77]. In other studies, DCs, rather than macrophages, were suggested to be the APCs
responsible for activating T cells when CD47 on target cells is blocked [78, 137]. The antiCD47 antibodies were shown to enhance the DC antigen cross-presentation via activation of
cyclic GMP-AMP synthase (cGAS) and stimulator of interferon genes (STING) pathway [137,
171]. The preclinical studies therefore clearly indicate that activation of the adaptive immunity
by CD47/SIRPα pathway inhibition is expected, but the exact nature of APC activation in
humans needs further investigation.
Using high affinity CD47-targeting approaches nevertheless has its drawbacks. As mentioned
earlier, blocking CD47 alone should not lead to clearance of tumor cells without a strong prophagocytic signal, but RBCs are still readily removed by the splenic pulp macrophages when
CD47 is blocked [135]. Correspondingly, unspecific blockade of CD47 has been shown to
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cause severe anemia in both preclinical studies with cynomolgus macaques as well as in the
phase 1 clinical trials [149, 150, 167]. In addition, the ubiquitously expressed CD47 acts as an
antigen sink and lowers the effective dose of the drug [133, 135]. Other on-target off-tumor
toxicities beyond RBC targeting are also plausible due to the broad expression and functions
of CD47. CD47 activates some intracellular signaling pathways and it has been described to
regulate various cellular processes [144]. For example, targeting CD47 has been shown to
impair human T cell activation, proliferation, and endothelial transmigration all of which can
negatively impact tumor control [172].
Novel protein formats have been developed to focus the disruption of CD47/SIRPα axis
selectively on tumor cells. The endogenous extracellular domain of SIRPα binds to CD47 with
approximately 100 times lower affinity than the mAbs targeting CD47 [146, 148, 173]. SIRPα
domain has been thus utilized as a CD47-blocking moiety to overcome binding to healthy cells
expressing low levels of CD47. SIRPα-hIgG1 and hIgG4-derived Fc-fusion proteins TTI-621
and TTI-622 should target only tumor cells with high CD47 expression and are reported not to
bind to CD47 on human RBCs [174, 175]. Among others, Ponce et al. developed a more
targeted approach by fusing the αCD33 antibody with the SIRPα domain [176, 177]. These
antibodies specifically bind to antigen-positive tumor cells but not to RBCs present in high
excess [176, 177]. Moreover, the CD33 expressing malignant cells were readily killed by NK
cells and, importantly, phagocytosis was boosted [177]. In another study, CD20-targeting
constructs were fused with the SIRPα domain leading to a reduced tumor burden and prolonged
survival of human cancer-bearing NOD scid gamma (NSG) mice [176]. The authors
hypothesized this effect was derived from enhanced phagocytosis of malignant cells in vivo
[176]. Some approaches have combined the CD20, CD19 or mesothelin-targeting antibodies
with a low affinity anti-CD47 domain instead of SIRPα to specifically address the antigenpositive cancer cells [173, 178]. Furthermore, two anti-CD47 antibodies named lemzoparlimab
and AO-176, which spare RBCs, have been developed to target cancer cells with higher
preference [179, 180]. Finally, besides targeting CD47, blocking SIRPα is also being
investigated in combination with tumor-opsonizing antibodies [156, 162, 181, 182].
In summary, blocking the CD47/SIRPα axis has great potential to contribute to tumor control
by directly stimulating the effector functions of macrophages and activating adaptive immunity
through enhancing the role of APCs. Furthermore, novel strategies that confine the site of
intervention to the tumor microenvironment can provide an improved tumor control while
restraining the side effects to healthy tissues.
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1.5.

Acute myeloid leukemia

1.5.1. AML pathogenesis
AML is a hematological malignancy characterized by clonal expansion of poorly differentiated
myeloid precursors with bone marrow infiltration and impaired hematopoiesis [183]. Clinical
symptoms include leukocytosis and signs of bone marrow failure such as anemia and
thrombocytopenia [184]. The acquisition of genetic lesions over time leads to leukemic
transformation of the preleukemic cells, which arise when HSC clones accumulate somatic
DNA mutations long before clinical manifestation of the disease [185, 186]. Next generation
sequencing has enabled to realize that AML is a heterogenic disease with several genetically
defined subtypes. While some mutations are shared by few subgroups and some co-occur,
others are not usually found in the same clone [187, 188]. Some of the most commonly mutated
genes in AML include DNA methyltransferase 3A (DNMT3A), Wilms' tumor protein (WT1),
isocitrate dehydrogenase 1/2 (IDH1/2), and ten-eleven translocation 2 TET2 and together are
observed in ∼50% of AML cases while 30% of patients carry mutations in the FMS-like
tyrosine kinase 3 (FLT3) or nucleophosmin 1 (NPM1) gene [189-191]. Immunophenotyping
the expression of cell-surface markers further provides information about classification of the
AML, aids diagnosis and helps to evaluate the expression of therapeutic targets [192].

1.5.2. Current therapy for AML
AML is an aggressive disease. Patients will die within months of diagnosis when left untreated
and the average 5-year survival rate of all patients is a mere 24% [193]. AML incidence
increases with age with the median age at diagnosis being 68 years based on the Surveillance,
Epidemiology, and End Results (SEER) data from 2011-2016 [193]. The standard treatment
for AML patients who are medically fit consist of cytotoxic induction chemotherapy with 3 days
of anthracycline and 7 days of cytarabine (7+3 regimen) which impair DNA and RNA synthesis
[194, 195]. With this intensive treatment, 60% to 80% of younger adults and in 40% to 60% of
older adults (60 years or above) reach CR [194]. For patients who achieve remission, the relapse
rate is nevertheless approximately 50% [196]. Post remission consolidation strategies such as
chemotherapy or allogeneic hematopoietic stem cell transplantation (HSCT) are administered to
reduce potential relapses [194]. Patients with advanced age or poor performance status are often
not treated with intensive chemotherapy due to concerns regarding treatment-related morbidity and
mortality or inherent biologic disease resistance to cytotoxic therapy [194, 197]. For those patients,
low-dose cytarabine and the hypomethylating agents (HMAs), such as azacitidine (AZA) and
decitabine, have been used [198, 199]. In a phase 3 trial including treatment-naive AML patients
who were either elderly or otherwise ineligible to receive intensive chemotherapy, CR was
achieved in 17.9% of the patients with AZA alone and in 36.7% of the patients with AZA and
venetoclax (VEN) combination [200]. These results are likely to establish AZA+VEN as new
standard of care for unfit AML patients [201]. Despite efforts in treatment, AML is still cured in
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only 35 to 40% of younger adults and in 5 to 15% of older adults [194]. Since 2017, novel targeted

therapies, such as FLT3 inhibitors and chemotherapy delivery via gemtuzumab ozogamycin,
an anti-CD33 antibody-drug fusion, have been approved by the United States Food and Drug
Administration (FDA) and might provide therapeutic benefit to some AML subgroups [190,
202].
AML, harbor multiple mechanisms to evade the immune system. Several mAbs and cellular
therapies are being investigated either alone or in combination with chemotherapies to
overcome the immune evasion and harness the full power of the immune system [203].
Interestingly, a number of immune-related genes increase their expression upon exposure to
HMAs, including AZA [203]. This has been exploited in several combination studies. PD1
blockade with nivolumab has shown some promising results when used with AZA in AML
patients with a relapsed or refractory disease. CR was achieved in 6% of patients and an overall
response rate (ORR) of 33% was observed for the combination [204]. When ipilimumabmediated CTLA4 blockade was added to AZA and nivolumab therapy, CR was 4% and ORR
reached 44% [204]. Importantly, CD47 blockade has emerged as a promising novel approach
in modulating immune response against AML. The combination of magrolimab and AZA
demonstrate a CR of 44% and ORR of 64% in the latest update of the phase 1b trial including
previously untreated AML patients unfit for chemotherapy [205]. Patients with a high-risk
myelodysplastic syndrome (MDS), a clonal myeloid neoplasm which frequently progresses
into AML, established furthermore a CR of 42% and ORR of 91% upon magrolimab and AZA
combinatorial treatment [155, 206]. Importantly, CD47 is highly upregulated on leukemic stem
cells (LSCs) where it functions as a strong “don't eat me” signal [11, 73, 74].

1.5.3. Leukemic stem cells
The persistence of chemoresistant LSCs is considered as the main reason for AML relapse
[207, 208]. In 1990s, AML LSCs were first described by John Dick and co-workers [209, 210].
Besides providing the first empirical evidence of LSCs in patients, these experiments laid the
ground for wider cancer stem cells research. LSCs can arise from preleukemic cells derived
from HSCs or, alternatively, from cells in later stages of the hematopoietic hierarchy [211216]. There is evidence that the early mutations acquired by preleukemic cells enhance or
provide potential for their self-renewal and impair differentiation [217, 218]. Furthermore,
these early mutated clones that carry increased numbers of LSCs can survive chemotherapy
leading to restoration and new propagation of the malignancy and ultimately serves as a
resource for relapse [207, 219, 220]. LSCs are thereby considered as a major and highly
relevant clinical target in AML.
The interleukin-3 receptor alpha chain (IL3Rα, CD123) is an established marker of AML LSCs
[221]. CD123 expression is associated with increased proliferation of AML cells and higher
CD123 levels correlate with poor prognosis [222-224]. In addition, the majority of AML blasts
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also express CD123 [225, 226], while normal HSCs show low or barely detectable levels of
CD123 [221, 226, 227]. In 2018, the first drug targeting CD123-positive cells, SL-401
(Elzonris, tagraxofusp), was granted approval by the FDA for the treatment of a rare
malignancy called blastic plasmacytoid dendritic cell neoplasm (BPDCN), which has
morphologic and molecular similarities to AML and MDS [228]. SL-401 is composed of a
recombinant IL-3 fused to a truncated diphtheria toxin [228]. The effect of SL-401 for the
treatment of AML is still under investigation [229-231]. Flotetuzumab, a dual-affinity retargeting (DART) T cell engager with an antibody-based CD123 and CD3ε recruiting domains,
represents another advanced CD123-targeting approach [232]. A phase 1/2 study including
patients with refractory or relapsed AML, flotetuzumab mediated an ORR of 30% [232].

1.6.

Neuroblastoma

Neuroblastoma (NBS) is a solid tumor most frequently discovered in pediatric patients with
the median age of diagnosis being 17 months [233]. It is a tumor of the autonomic nervous
system which is thought to form from developing and incompletely committed precursor cells
derived from neural-crest tissues [234]. The tumors typically arise in the adrenal medulla or
paraspinal ganglia [235]. The disease has a heterogeneous clinical presentation ranging from a
mass that causes no symptoms to metastatic disease that is refractory to therapy [235]. There
has been a tremendous success in the treatment of NBS over the years with the 5-year relative
survival increasing from 54% among patients diagnosed between 1975 and 1984 to 80.4% for
those diagnosed between 2010 and 2016 [236]. Nevertheless, only a subset of the patients
benefits from the advances. Diagnosis is good for the low-risk and intermediate-risk patients
with only surgery alone or in combination with chemotherapy [237]. At the same time, 50% of
the patients belong to the high-risk group and approximately 50% of them experience a relapse
[238]. The treatment for high-risk patients includes induction chemotherapy, surgical resection,
radiotherapy, high-dose chemotherapy with autologous hematopoietic stem-cell
transplantation and differentiating agent isotretinoin [239]. Importantly, immunotherapy with
anti-GD2 mAb dinutuximab has emerged as a novel strategy to improve the outcome for highrisk patients. Dinutuximab combined with granulocyte-macrophage colony stimulating factor
(GM-CSF) and IL2 was shown to increase the overall survival (OS) at 2 years from 75.5% to
86% when compared to standard therapy and is now commonly used in maintenance treatment
[240, 241].
GD2 has been the primary molecular target in NBS immunotherapy research as all human
neuroblastomas are characterized by high levels of GD2 expression [242, 243]. Furthermore,
GD2 is a diagnostic marker which can help to discriminate NBS from other related tumors
[244]. A limited GD2 expression is observed on normal tissues [245]. GD2 belongs to a group
of glycolipids found on the outer cell membrane called gangliosides [246]. The ganglioside is
synthesized in a stepwise process of adding glucose, galactose and N-acetylgalactosamine to
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ceramide and then linking sialic acids to the galactose [246]. NBS cells are reported to have
high levels of GD2 synthase which produces the GD2 from precursor gangliosides GD3/GM3
[247]. Besides being actively overexpressed, GD2 can be shed from tumor cells and both forms
of it modulate the function of normal cells in the tumor microenvironment [248, 249].
Importantly, tumor-derived gangliosides suppress immune cell functions [250].
Dinutuximab is a chimeric monoclonal antibody composed of the variable heavy- and lightchain regions of the murine anti-GD2 mAb 14.18 and the constant regions of human IgG1 and
is also called as ch14.18 [251]. The effector mechanism of dinutuximab was shown to be
granulocyte and NK cell-mediated ADCC [252-254].
TAMs are abundant in NBS [255] and can acquire M1 antitumor or M2 protumor phenotypes
[256]. Reprogramming macrophages into an immunostimulatory phenotype has gained
attention as a mechanism of improving the efficacy of NBS therapy [257]. The histone
deacetylase inhibitor vorinostat, for example, promotes M1 repolarization and shows synergy
with anti-GD2 immunotherapy [258]. Blocking the inhibitory CD47 “don’t eat me” signal has
been shown to increase the numbers of the antitumor M1 subtype TAMs [169]. NBS patient
samples have ubiquitous expression of CD47 [259]. Activation of macrophage-mediated
immune response via CD47 blockade could thus have a considerable impact in improving the
survival of high-risk NBS patients.
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2. Objectives
The aim of this thesis was to generate and preclinically characterize bifunctional fusion
antibodies that block the CD47/SIRPα checkpoint locally on cancer cells and mediate their
specific elimination. To this end, the endogenous SIRPα domain was fused to antibodies
targeting CD123 on AML LSCs or GD2 on NBS, respectively. The physiological interaction
of the SIRPα and CD47 is much weaker than the affinity of a mAb for its target [146, 148].
SIRPα-antibody fusion molecules are thereby expected to primarily attach to the surface of
cancer cells and subsequently block CD47. The presence of a simultaneous pro-phagocytic
signal, such as IgG1 opsonization, is crucial for the therapeutic effect of CD47 blockade [158].
The SIRPα-antibody molecules generated in this study carry the Fc region of the human IgG1
isotype, which provides a strong pro-phagocytic signal [91]. The bifunctional SIRPαantibodies can thus provide the needed second stimulation in addition to the CD47 blockade.
SIRPα-antibody fusion molecules can even further amplify the anticancer immune response as
IgG1 antibodies stimulate the activation NK cells [260]. The reduced on-target off-tumor side
effects and broad immune cell activation via IgG comprise two of the main objectives of the
bifunctional SIRPα-antibody fusion molecules and support the rationale of combining CD47
blockade and FcγR stimulation in one molecule.
In the first part of this study, bifunctional fusion antibodies consisting of αCD123 and
endogenous SIRPα domain were generated to confine the CD47 blockade and to specifically
target AML LCSs. LSCs are the major cause of AML relapse and new therapies targeting these
cells are particularly needed [194, 207, 208]. The novel SIRPα-αCD123 molecules were
expressed, purified and biochemically characterized. The biological functionality was
evaluated in vitro using cell lines and primary AML patient samples. In collaboration with
Binje Vick 1, the specific targeting of AML LSCs was finally analyzed by in vivo engraftment
studies.
The second part of this thesis focused on targeting NBS, a solid pediatric tumor with a high
myeloid cell infiltration where high-risk group patients do not benefit from current treatment
options [238]. Here, the SIRPα domain was fused to the αGD2 antibodies and both human and
mouse formats of the bifunctional antibodies were expressed, purified and biochemically
characterized. The biological functionality of the molecules was analyzed in vitro using human
and mouse cell lines in collaboration with Renske van den Bijgaart 2 to lay the ground for future
in vivo studies.

Research group of Irmela Jeremias, Helmholtz Zentrum München, Germany
Research group of Gosse Adema, Laboratory of Radiotherapy and Oncoimmunology, Radboud University
Medical Centre, Nijmegen, Netherlands.
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3. Materials and Methods
Unless otherwise stated, all chemicals were purchased from Carl Roth, Merck or Sigma–
Aldrich. All primers were obtained from Metabion. Cell culture media and supplements were
obtained from Thermo Fisher Scientific and cell culture supplies from Sarstedt and VWR
unless otherwise indicated.

3.1.

Generation of the bifunctional antibodies

3.1.1. αCD123 antibody constructs
To generate anti human CD123 antibodies (αCD123), pFUSE-123-LC and pFUSE-123-HC
plasmids were constructed using molecular cloning techniques. To this end, the VL and VH
sequences of talacotuzumab [261] (Table 2) were inserted into human light chain (LC) and
heavy chain (HC) expression plasmids, respectively (Table 2). The LC plasmid pFUSE2-CLIghK and the HC plasmid pFUSE-CHIg-hG1 (both InvivoGen) contain the Igκ leader sequence
for protein secretion. For 1×SIRPα-αCD123 and 2×SIRPα-αCD123 antibodies, pFUSESIRPa-123-LC and pFUSE-SIRPa-SIRPa-123-LC vectors were generated by subcloning the
VL and VH sequences of talacotuzumab into previously described constructs that carry one or
two N-terminal SIRPα immunoglobulin V-like domains (accession number NP_542970, amino
acids 31-149, Table 2) in the N-terminus of the light chain [177]. The SIRPα domain sequence
in these plasmids is separated from the antibody light chain and from each other by poly-glycinserine (Gly4Ser)4 linkers (Table 2). The αCD19 LC and HC plasmids based on the clone 4G7
were similarly cloned to generate the control molecules.

3.1.2. CD123 extracellular domain construct
The DNA sequence for the CD123 extracellular domain (CD123ex, amino acids 19-307, Table
2) was amplified by PCR from complementary DNA (cDNA) of L428 cells and subcloned into
pSecTag2/HygroC containing a His6-tag plasmid (Thermo Fisher Scientific) for expression.
L428 cells were kindly provided by Marion Subklewe 3. For L428 RNA extraction, TRIzol
Reagent (Invitrogen) was used according to manufacturer’s instructions. The centrifugation
step was carried out with Phase Lock Gel tubes (5Prime). cDNA synthesis was performed with
SuperScript III First Strand kit (Invitrogen).

3.1.3. αGD2 antibody constructs
For the human αGD2 antibody plasmids, VL and VH sequences of the αGD2 clone 14g2a were
cloned into the respective αCD123 antibody vectors to generate pFUSE-GD2-LC, pFUSEGD2-HC and pFUSE-SIRPα-GD2-LC constructs. The VL and VH sequences of the 14g2a
(Table 2) were kindly provided by Sebastian Kobold 4. The pFUSE-GD2-HC-SIRPα was
3
4
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cloned by fusing the SIRPα to the C terminus of pFUSE-GD2-HC via a (Gly4Ser)8 linker. The
mouse IgG2a isotype corresponds to human IgG1 and thus the mouse αGD2 antibody coding
plasmids pFUSE-GD2-LC-m and pFUSE-GD2-HC-m were generated by inserting the VL and
VH sequences of the 14g2a into expression plasmids pFUSE2-CLIg-mK or pFUSE-CHIgmG2a (InvivoGen), which contain the Igκ leader sequence (Table 2). The mouse SIRPα (amino
acids 31 – 150) from strain 129 was respectively fused to the N-or C-terminus of the αGD2
antibody light chain to form the pFUSE-SIRPa-GD2-LC-m and pFUSE-GD2-LC-SIRPa-m
similar to human constructs.
Table 2. Amino acid sequences of antigen-binding domains, the SIRPα domain, linkers and the
leader sequence of the antibody DNA plasmids.
Sequence
αCD123 VL

DIVMTQSPDSLAVSLGERATINCESSQSLLNSGNQKNYLTWYQQKPG
QPPKPLIYWASTRESGVPDRFSGSGSGTDFTLTISSLQAEDVAVYYCQ
NDYSYPYTFGQGTKLEIKR

αCD123 VH

EVQLVQSGAEVKKPGESLKISCKGSGYSFTDYYMKWARQMPGKGL
EWMGDIIPSNGATFYNQKFKGQVTISADKSISTTYLQWSSLKASDTA
MYYCARSHLLRASWFAYWGQGTMVTVSS

αGD2 VL

DILLTQTPLSLPVSLGDQASISCRSSQSLVHRNGNTYLHWYLQKPGQS
PKLLIHKVSNRFSGVPDRFSGSGSGTDFTLKISRVEAEDLGVYFCSQST
HVPPLTFGAGTKLELKR

αGD2 VH

EVKLQQSGPSLVEPGASVMISCKASGSSFTGYNMNWVRQNIGKSLEWI
GAIDPYYGGTSYNQKFKGRATLTVDKSSSTAYMHLKSLTSEDSAVYYC
VSGMEYWGQGTSVTVSS

Human SIRPα

EEELQVIQPDKSVLVAAGETATLRCTATSLIPVGPIQWFRGAGPGREL
IYNQKEGHFPRVTTVSDLTKRNNMDFSIRIGNITPADAGTYYCVKFR
KGSPDDVEFKSGAGTELSVRAKPS

Mouse SIRPα

GKELKVTQPEKSVSVAAGDSTVLNCTLTSLLPVGPIKWYRGVGQSRLL
IYSFTGEHFPRVTNVSDATKRNNMDFSIRISNVTPEDAGTYYCVKFQK
GPSEPDTEIQSGGGTEVYVLAKPS

(Gly4Ser)4 linker GGGSGGGGSGGGGSGGGGS
(Gly4Ser)8 linker GGGSGGGGSGGGGSGGGGSGGGSGGGGSGGGGSGGGGS
Igκ leader

METDTLLLWVLLLWVPGSTG

CD123exGly4Ser-His6

KEDPNPPITNLRMKAKAQQLTWDLNRNVTDIECVKDADYSMPAVNNS
YCQFGAISLCEVTNYTVRVANPPFSTWILFPENSGKPWAGAENLTCWIH
DVDFLSCSWAVGPGAPADVQYDLYLNVANRRQQYECLHYKTDAQGTR
IGCRFDDISRLSSGSQSSHILVRGRSAAFGIPCTDKFVVFSQIEILTPPNMT
AKCNKTHSFMHWKMRSHFNRKFRYELQIQKRMQPVITEQVRDRTSFQL
LNPGTYTVQIRARERVYEFLSAWSTPQRFECDQEEGANTRAWRTSGGG
GSHHHHHH
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3.1.4. Generation of the plasmids
3.1.4.1. Preparation of DNA fragments
To clone the aforementioned plasmids, pFUSE2-CLIg-hK and pFUSE-CHIg-hG1were
linearized and amplified by polymerase chain reaction (PCR) using the Phusion Flash HighFidelity PCR Master Mix (Thermo Fisher Scientific). 50 μl PCR reactions contained 10 ng of
DNA template and 0.5 μM of each primer. Details of the PCR program are in Table 3. The
insert of interest was similarly amplified by PCR. PCR products were incubated with
FastDigest DpnI (Thermo Fisher Scientific) for 30 min at 37°C to remove template DNA. The
amplified and DpnI-digested DNA was separated by agarose gel electrophoresis and
subsequently extracted from the gel using the NucleoSpin Gel and PCR clean-up kit
(Macherey-Nagel).
Table 3. PCR reaction program
Temperature
Time
Initial denaturation
98°C
30 s
Denaturation
98°C
30 s
Annealing
Ta
30 s
Extension (20-30 cycles)
72°C
15- 30 s/kb
Final extension
72°C
5 min
Hold
16°C
Annealing temperature (Ta) was calculated using the Thermo Scientific Tm Calculator 5.

3.1.4.2. Molecular cloning
Purified DNA fragments were joined by Gibson assembly according to Gibson et al. [262].
Briefy, 10-100 ng of the PCR-linearized vector was mixed with 3-5-fold excess of the insert
and incubated for 1 hour at 50°C in the presence of 0.004 U/µL T5 exonuclease (New England
Biolabs), 0.025 U/µL Phusion DNA polymerase and 4 U/µL Taq ligase in a final volume of in
10 μl. The Gibson assembly reaction was then transformed into chemically competent XL1
blue Escherichia coli cells (Stratagen) [263]. For transformation, 2-3 μl of the reaction was
mixed with 100 μl of XL1 blue and incubated for 15 min on ice. Cells were heat-shocked for
45 sec at 42°C followed by a 2 min recovery on ice. 300 μl of lysogeny broth (LB) medium
(10 g/l tryptone, 5 g/l yeast extract, 5 g/l NaCl, 1.3 ml/l NaOH) was added to the cells and
incubated at 37°C for 1 h at constant shaking at 600 revolutions per minute (rpm) on a
ThermoMixer C (Eppendorf). The transformed cells were plated onto LB agar (LB-Lennox
medium with 15 g/l agar) plate supplemented with 100 μg/ml ampicillin for the
pSecTag2/HygroC and 100 μg/ml blasticidine (InvivoGen) or 25 μg/ml zeocine (Thermo
Fisher Scientific) for LC or HC pFUSE vectors, respectively. After an overnight (ON)
incubation at 37°C, single colonies were selected and cultured in 3-5 ml LB medium containing

5
https://www.thermofisher.com/de/de/home/brands/thermo-scientific/molecular-biology/molecular-biologylearning-center/molecular-biology-resource-library/thermo-scientific-web-tools/tm-calculator.html
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the corresponding antibiotic at 37°C with constant shaking. Plasmid DNA was isolated from
the cultures using NucleoSpin Plasmid EasyPure kit (Macherey-Nagel).
3.1.4.3. Final preparations for plasmid DNA
Kozak sequence was inserted to all constructs by using site-directed mutagenesis PCR as
described in 3.1.3.1. Final sequencing of all generated DNA vectors was performed at Eurofins
Genomics and large-scale plasmid purification was performed with Nucleobond Xtra Midi kit
(Macherey-Nagel).

3.1.5. Protein purification using Expi293F cell expression system
3.1.5.1. Protein expression
In order to express the antibody molecules, Expi293F cell expression system (Thermo Fisher
Scientific) was used. The cells were co-transfected with LC and HC plasmids according to the
manufacturer’s instructions. Briefly, for a standard expression of 30 ml, 25.5 ml of cells were
adjusted to 2×106 live cells/ml one day before transfection. Live cell numbers were determined
by using a Countess automated cell counter and trypan blue exclusion stain (0.4%) (both
Thermo Fisher Scientific). On the day of transfection, 1.5 ml Opti-MEM reduced serum
medium (Thermo Fisher Scientific) was mixed with 30 μg of DNA (Table 4) and 80 μl of
ExpiFectamine, respectively. After 5 min incubation, at RT, the Opti-MEM mixtures were
combined and further incubated for 20 min at RT. The transfection mix was added dropwise to
the cells. 16 to 18 h post transfection, 150 μl of Enhancer 1 and 1.5 ml of Enhancer 2 were
added to boost transfection, cell viability, and protein expression.
Table 4. Heavy and light chains for all antibodies.
Antibody

Heavy chain (HC)

Light chain (LC)

H to
ratio

αCD123

pFUSE-123-HC

pFUSE-123-LC

1 to 8

1xSIRPα-αCD123

pFUSE-123-HC

pFUSE-SIRPα-123-LC

1 to 4

2xSIRPα-αCD123

pFUSE-123-HC

pFUSE-SIRPα-SIRPα-123-LC

1 to 4

αGD2(h)

pFUSE-GD2-HC

pFUSE-GD2-LC

1 to 1

SIRPα-αGD2(h)

pFUSE-GD2-HC

pFUSE-SIRPα-GD2-LC

1 to 1

αGD2-SIRPα(h)

pFUSE-GD2-HC-SIRPα

pFUSE-GD2-LC

1 to 1

αGD2(m)

pFUSE-GD2-HC-m

pFUSE-GD2-LC-m

1 to 1

SIRPα-αGD2(m)

pFUSE-GD2-HC-m

pFUSE-SIRPα-GD2-LC-m

1 to 1

αGD2-SIRPα(m)

pFUSE-GD2-HC-SIRPα-m

pFUSE-GD2-LC-m

1 to 1

L

3.1.5.2. Protein A affinity chromatography
After five to seven days, cells were pelleted by centrifugation at 500 g for 10 min and the
supernatant containing the antibody constructs was harvested. The supernatant was
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subsequently incubated with 250 μl of Protein A Sepharose 4FF beads (GE Healthcare) at 4°C
on a rotating wheel. After an ON incubation, the beads were collected by centrifugation (500
g, 10 min, 4°C) and loaded onto a Bio-Spin chromatography column (Thermo Fisher
Scientific). Beads were first washed with 4 column volumes of wash buffer [50 mM
tris(hydroxymethyl)aminomethane-HCl (Tris-HCl) pH 7.0], before antibodies were eluted with
6 column volumes of elution buffer (0.1 M citrate pH 3.0) into separate fractions. All elution
fractions were eluted into neutralization buffer (1 M Tris-HCl pH 9.0) to adjust the pH to 7.0.
The wash and elution fractions were analyzed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and Coomassie Brilliant Blue staining. To this end, protein
samples were incubated in the presence of 1×Laemmli buffer [0.11 M Tris base (pH 6.8), 16%
/v/v) glycerol, 4% (w/v) SDS, 5% (v/v) β-mercaptoethanol, 0.05% (w/v) bromophenol blue]
for 5 min at 95°C and loaded into RunBlue SDS-PAGE Gel System 4-20% Bis-Tris gels
(Expedeon) in 20×SDS Running Buffer (0.01% SDS, 8.95 g/l triethanolamine, 7.17 g/l tricine).
After electrophoresis, gels were stained with Coomassie staining solution [50% (v/v) ethanol,
7% (v/v) acetic acid, 0.2% (w/v) Coomassie Brilliant Blue R250] or InstantBlue (Expedeon).
PageRuler Unstained Protein Ladder (Thermo Fisher Scientific) was included to all gels as size
standard. Protein A affinity chromatography fractions that contained antibodies were pooled
and concentrated at (1000 g, 15 min, 4°C) using Amicon spin concentrators (Merck Millipore).
3.1.5.3. Size exclusion chromatography
On the same day with Protein A affinity chromatography, size exclusion chromatography
(SEC) was performed. Hence, the Superdex 200 Increase 10/300 GL column (GE Healthcare)
was used with Aekta Purifier 100 (GE Healthcare) with phosphate buffered saline (PBS, 8 g/L
NaCl, 0.2 g/L KCl, 1.44 g/L Na2HPO4x2H2O, 0.2 g/L KH2PO4, pH 7.4) as running buffer.
SEC fractions containing the antibodies were pooled, analyzed by SDS-PAGE and
concentrated to approximately 1-3 μg/μl. In routine purifications, only the final purified
protein, and not SEC fractions, were analyzed by SDS-PAGE. Protein concentration was
measured with a spectrophotometer Nanodrop ND-100 (Peqlab Biotechnologies GmbH).
Antibody aliquots were frozen in liquid nitrogen and stored at -80°C.
3.1.5.4. Thermal stability measurements
The thermal stability of final purified proteins was measured by using nano differential
scanning fluorimetry (nanoDSF) with Tycho NT.6 (NanoTemper Technologies) which
analyses the temperature-dependent changes in the intrinsic fluorescence of tryptophane and
tyrosine residues. 1 μM of protein in PBS was used to determine the changes in fluorescence
signal upon transitions in the folding state of the proteins. The temperatures at which a
transition occurred are named as inflection temperatures (Ti) [264].
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3.1.5.5. CD123ex purification
For the purification of His-tagged CD123ex, Expi293F culture supernatants were incubated
with nickel nitrilotriacetic acid (Ni-NTA) agarose beads (Qiagen) on a rotation device for at
least 2 h at 4°C. The beads were centrifuged (500 g, 10 min, 4°C), transferred to a Bio-Spin
chromatography column and washed with 4 column volumes of wash buffer (PBS, 10 mM
Imidazole) followed by elution with 6 column volumes of elution buffer (1×PBS + 200 mM
Imidazole, pH 7.4). All further steps were performed as described for the antibody constructs
in 3.1.5.3.

3.2.

Cell culture methods

3.2.1. Cultivation of cell lines
Expi293F cells were maintained at 37°C, 5% CO2 in shaking incubator (Multitron) at 125 rpm
between 0.5-6×106 cells/ml in Expi293 Expression Medium using 125 ml Erlenmeyer flasks
(Corning). The AML cell line MOLM-13 was purchased from the Deutsche Sammlung von
Mikroorganismen und Zellkulturen (DSMZ) and cultured in Roswell Park Memorial Institute
(RPMI) 1640 + GlutaMAX medium supplemented with 20% fetal bovine serum (FBS). The
lymphoma cell line Raji was kindly provided by Prof. Marion Subklewe. The cells were
cultured in RPMI 1640 + GlutaMAX supplemented with 10% FBS (full RPMI medium). FlpINTM-Chinese hamster ovary (CHO) cells were obtained from Thermo Fisher Scientific and
cultured in Ham’s F-12 medium (Biochrom) supplemented with 10% FBS. Flp-INTM-CHO
cells were stably transfected with human CD47 or CD33 (assigned as CHOCD47+ and CHOCD47)
by Nadine Magauer 6 and Monika Herrmann6, respectively and cultivated in Ham’s F-12
supplemented with 10% FBS and 500 μg/mL hygromycin B Gold (InvivoGen).
Human NBS cell lines SK-N-AS, IMR-32 and Shep2 were kindly provided by Gosse Adema 7.
SK-N-AS and Shep2 cell lines were maintained in Dulbecco's Modified Eagle Medium
(DMEM) + GlutaMAX supplemented with 10% FBS, 1% minimum essential medium (MEM)
non-essential amino acids (NEAA), 1% Penicillin/Streptomycin, 2 mM L-Glutamine and 1
mM sodium pyruvate. IMR-32 cells were cultured in RPMI 1640 + GlutaMAX supplemented
with 20% of FBS and 1% MEM NEAA.
Mouse NBS cell lines Neuro2a, 9464D, 9464D-OVA and 9464D-GFP were provided by Gosse
Adema. 9464D cells (from Dr. Orentas, National Institutes of Health, Bethesda) and Neuro-2a
cells (American Type Culture Collection, ATCC) were cultured in DMEM + GlutaMAX
medium containing 10 % FBS (Greiner Bio-One), 1% MEM NEAA, 50 μM β-mercaptoethanol
(Sigma-Aldrich) and 1% antibiotic–antimycotic solution (Thermo Fisher Scientific). 9464D
cells that were transfected with green fluorescent protein (GFP)-Ires-Luciferase sequence
6
7

Research group of Karl-Peter Hopfner, Gene Center, Munich, Germany
Laboratory of Radiotherapy and Oncoimmunology, Radboud University Medical Centre, Nijmegen, Netherlands
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under the control of a cytomegalovirus (CMV) promoter (9464D-GFP) were generated
previously and were cultured in the same medium as 9464D cells and supplemented with 1
mg/ml G418 [265]. The 9464D-OVA cells were stably transfected with the chicken ovalbumin
(OVA) model antigen by Michiel Kroesen 8 and cultured in the same medium as 9464D-lucGFP cells. Panc02 were provided by Sebastian Kobold and maintained in DMEM + GlutaMAX
medium supplemented with 10% FBS.

3.2.2. Healthy donor and AML patient-derived material
After written informed consent in accordance with the Declaration of Helsinki and approval by
the Institutional Review Board of the Ludwig-Maximilians-Universität, peripheral blood or
bone marrow material was collected from healthy donors (HDs) and AML patients. AML
samples were provided by and analyzed at the Laboratory for Leukemia Diagnostics of the
Klinikum der Universität München 9. The characteristics of AML patients used as target cells
in ADCP assays are displayed in Table 5. Cells from patients 1- 4 were used in allogenic ADCP
assays and cells from patients 5-9 in autologous ADCP assays.
3.2.2.1. PBMC isolation
Peripheral blood mononuclear cells (PBMC) were isolated from heparinized whole blood from
HDs or from residual cells from leukoreduction chambers obtained from the Department of
Transfusion Medicine of the Klinikum der Universität München 10. Depending on the source,
PBMC isolation was performed in two ways. For the isolation of PBMCs from whole blood,
15 ml of Biocoll solution (Biochrom) was preloaded to a 50 ml Leucosep tube (Greiner BioOne) and subsequently centrifuged for 1 min at 1000 g. The heparinized whole-blood was
diluted 1 to 1 with Dulbecco’s PBS (DPBS, Thermo Fisher Scientific) and 30 ml of the dilution
was gently pipetted on top of the Leucosep tube membrane. The Leucosep tubes were
centrifuged for 10 min at 1000 g at room temperature with low acceleration and no breaking.
For the leukoreduction chamber material, 15 ml of Biocoll solution was slowly added to a 50
ml tube. The leukoreduction chamber material was diluted 1 to 3 with DPBS and pipetted
gently on top of the Biocoll solution. The tubes were centrifuged for 30 min at 818 g at room
temperature with low acceleration and no breaking. Buffy coats containing the PBMCs were
collected and washed twice by adding 45 ml DPBS followed by centrifugation (8 min, 300 g,
RT). PBMCs were finally re-suspended in a magnetic-activated cell sorting (MACS) buffer
(Miltenyi) for further use.

Research group of Gosse Adema, Laboratory of Radiotherapy and Oncoimmunology, Radboud University
Medical Centre, Nijmegen, Netherlands.
9
University Hospital, Ludwig-Maximilians-Universität München, Munich, Germany.
10
Department of Transfusion Medicine, Cellular Therapy and Hemostaseology, University Hospital, LudwigMaximilians-Universität München, Munich, Germany.
8
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3.2.2.2. RBC isolation
To obtain RBCs, heparinized peripheral or fingerprick blood from HDs was centrifuged at 700
g 5 min and washed twice with DPBS.
Table 5. Characteristics of AML patient material used in ADCP assays
Patient

Age

Sex

Material

Disease
status

Karyotype

ELN genetic
group

FLT3ITD

NPM1

1

29

F

PBMC

ID

aberrant

adverse

wt

wt

2

52

M

BMMC

ID

aberrant

intermediate

wt

wt

3

74

M

PBMC

ID

46XY

intermediate

wt

wt

4

54

M

PBMC

Relapse

normal

intermediate

wt

wt

5

49

F

PBMC

ID

complex

adverse

mut

mut

6

85

M

PBMC

ID

aberrant

adverse

wt

wt

7

30

F

BMMC

ID

aberrant

favorable

wt

wt

8

20

M

BM

ID

aberrant

intermediate

wt

wt

9

56

F

PBMC

ID

aberrant

favorable

wt

wt

European LeukemiaNet (ELN), initial diagnosis (ID), wild type (wt), mutated (mut), female (F), male
(M).

3.2.3. AML patient-derived xenograft material
To obtain patient-derived xenograft (PDX) cells, AML patient cells were serially transplanted
in NOD scid gamma (NOD.Cg-Prkdcscid IL2rgtm1Wjl/SzJ, NSG) mice in the research group of
Irmela Jeremias as previously described [266, 267]. The PDX cells were lentivirally transduced
with codon-optimized form of firefly luciferase and mCherry constructs for bioluminescence
imaging and flow cytometry, respectively [266]. For ex vivo experiments, PDX cells were
grown in StemPro-34 medium with Nutrient supplement, 2% FBS, 2 mM L-Glutamine and 1x
Penicillin-Streptomycin (Gibco) and 0.01 μg/ml of recombinant human IL3 (rhIL3), rh
thrombopoietin (rhTPO), rh stem cell factor (rhSCF, all Peprotech) and rhFLT3-ligand (R&D
Systems). Available information about the patients is summarized in Table 6.
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Table 6. Characteristics of AML-PDX cell donors
Patient

Age

Sex

Disease
status

Karyotype

ELN genetic
group

FLT3-ITD

NPM1

AML-491
[267]

53

F

Relapse

del(7)(q2?1)

adverse

wt

wt

AML-579
[267]

51

M

Relapse

normal

adverse

Mut, LOH

mut

AML-640

79

M

Relapse

t(11;15)

intermediate

mut

mut

AML-979

56

F

Relapse

normal

n. a.

wt + mut
subclone

mut

Not available (n. a.).

3.2.4. Isolation of murine cells
Mouse bone marrow cells and RBCs were isolated by Renske van den Bijgaart in the laboratory
of ROI. Bone marrow cells were isolated from femurs and tibiae of 6-10 weeks old female
C57BL/6 mice (Charles River, Germany). A terminal blood collection was performed via
cardiac puncture from C57BL/6 mice using heparin. RBCs were centrifuged at 700 g for 5 min
and washed twice with DPBS.

3.3.

Binding and interaction analysis

3.3.1. Flow cytometry
For flow cytometry, 0.8-1×105 cells were transferred per well to a 96-well plate with conical
bottom. Cells were centrifuged (3 min at 500 g), supernatant was discarded and pellets were
resuspended in 50 μl antibody solution in flow cytometry buffer [PBS with 1% (v/v) FBS, 1
mM ethylenediaminetetraacetic acid (EDTA)]. Cells were incubated for 30 min at 4°C in the
dark. After staining, cells were washed twice by adding 200 μl of flow cytometry buffer and
centrifuged (3 min, 500 g). If secondary antibody was used, cells were incubated in 50 μl of
fluorochrome-labeled antibody solution in flow cytometry buffer for 30 min at 4°C in the dark.
After this, cells were again washed twice by adding 200 μl of FC buffer and centrifuged (3
min, 500 g). Cells were finally resuspended in 200 μl flow cytometry buffer and analyzed using
the Guava easyCyte 6HT (Merck Millipore) or FACSVerse (mouse NBS cell line experiments,
BD Biosciences). To evaluate the antibody specificity, isotype controls were included.
Antibody binding was determined by the median fluorescence intensity (MFI) ratio which was
calculated by dividing the MFI of the tested antibody by the MFI of the corresponding isotype.

3.3.2. Detection of cell surface antigen expression
The expression of cell surface antigens was analyzed by flow cytometry as described in 3.3.1
using antibodies in Table 7.
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Table. 7. Antibodies used for flow cytometry-based surface antigen expression analysis.
Antigen

F

R

Isotype

Clone

D / Ct

Company

Cells

CD123

PE

Human

Mouse
IgG1, κ

6H6

1:20

Biolegend

Primary AML,
macrophages

CD123

APC

Human

Mouse
IgG1, κ

6H6

1:20

Biolegend

AML PDX

CD47

PE

Human

Mouse
IgG1, κ

CC2C6

1:50

Biolegend

Primary AML,
macrophages,
human NBS cell
lines

CD47

FITC

Human

Mouse
IgG1, κ

B6H12

1:20

eBioscience

AML PDX

CD16

PE

Human

Mouse
IgG1, κ

3G8

1:100

Biolegend

Primary AML,
macrophages

CD32

APC

Human

Mouse
FUN-2
IgG2b, κ

1:50

Biolegend

Primary AML,
macrophages

CD64

APC

Human

Mouse
IgG1, κ

10.1

1:50

Biolegend

Primary AML,
macrophages

GD2

APC

Human/
mouse

Mouse
IgG2a, κ

14G2a

1:50,
1:20

Biolegend

Human NBS cell
lines, Raji,
Panc02

CD47

APC

Mouse

Rat
IgG2a, κ

MIAP-301

1:20,
1:10

Biolegend

Raji, Panc02

GD2

-

Human/
mouse

Mouse
IgG1, κ

14G2a

100
nM

In house

Mouse NBS cell
lines

IgG

PE

Mouse

Goat

Poly4053

1:200

Biolegend

Mouse NBS cell
lines

CD47

-

Mouse

Rat
IgG2a, κ

MIAP-301

100
nM

Biolegend

Mouse NBS cell
lines

IgG

APC

Rat

Goat

Poly4054

1:400

Biolegend

Mouse NBS cell
lines

Fluorochrome (F), Reactivity (R), Dilution (D), Concentration (Ct).

3.3.3. Quantification of cell surface antigen expression
Surface antigen density on different cell lines was quantified using the QIFIKIT (Dako) assay
following the manufacturer’s instructions. Antibody incubations were performed as described
in 3.3.1. First, saturating concentrations (10 μg/ml) of unconjugated primary mouse anti human
CD123 (clone 6H6), CD47 (clone B6H12), CD19 (clone HIB19, all from Biolegend) and GD2
(produced in house) were used. A secondary FITC-labeled anti mouse IgG antibody provided
in the QIFIKIT was used in 1:50 dilution to detect primary antibody binding. After 45 min
30

MATERIALS AND METHODS

incubation at 4°C in the dark, cells were washed and analyzed by flow cytometry as in 3.3.1.
Calibration beads with a defined antigen expression provided by the kit were used to generate
a standard curve to quantify the unknown surface antigen expression on cell lines.

3.3.4. Flow cytometry-based antibody binding
To investigate the binding of SIRPα-antibody fusions and control antibodies, flow cytometry
measurement was performed as described in 3.3.1. To this end, target cell lines were incubated
with 100 nM of unconjugated constructs or human IgG1 (QA16A12, Biolegend) or mouse
IgG2a (MG2a-53, Biolegend) isotype controls. The primary staining was followed by a
secondary antibody incubation with FITC-coupled αhuman IgG Fc (clone HP6017, 1:100,
Biolegend) or PE-coupled αmouse IgG (clone Poly4053, 1:200).

3.3.5. KD determination by surface plasmon resonance
For equilibrium binding constant (KD) assessment by surface plasmon resonance (SPR) Biacore
X100 system (GE Healthcare) was used. First, CM5 chip (GE Healthcare) was coated with an
αhuman IgG Fc capture antibody (GE Healthcare) that reacts with the chip’s amino groups at
a level of around 8000 response units (RU). The ligands αCD123, 1xSIRPα-αCD123 or
2xSIRPα-αCD123 were immobilized on the chip at a level of 100 RU. The extracellular domain
of CD123 then ran over the antibody-coated chip at concentrations of 3.91, 7.31, 15.62, 31.25,
62.5, 125, 250, 500 and 1000 nM with an association time of 180 s and a dissociation time of
600 s. KD were calculated from the ratio of the association rate constant (kon) and the
dissociation rate constant (koff) of the multi cycle kinetics measurements.

3.3.6. KD determination by flow cytometry
To determine KD values of αCD123, 1×SIRPα-αCD123 and 2×SIRPα-αCD123 by flow
cytometry, MOLM-13 cells were incubated with various concentrations of the antibodies and
analyzed as described in 3.3.1. and 3.3.4. For evaluation, the minimum MFI was set to 0% and
maximum to 100% and all data points were normalized accordingly. The data was fitted with
a non-linear regression curve using a one-site specific binding model.

3.3.7. Competitive binding assay with RBCs
To analyze the competitive binding of antibodies to cancer cells in the presence of RBCs, flow
cytometry based binding analysis was performed as described in 3.3.1. and 3.3.4. Before the
assay, RBCs were stored for a maximum of 1 day and washed with RBC buffer (21 mM Tris,
4.7 mM KCl, 2 mM CaCl2, 140.5 mM NaCl, 1.2 mM MgSO4, 5.5 mM glucose, 0.5% bovine
serum albumin, pH 7.4) according to [268].
For the competitive binding assay with αCD123 antibodies, 0.15×105 MOLM-13 cells per well
were stained with the membrane dye PKH26 (Sigma-Aldrich) according to the manufacturer’s
protocol. PKH26-labeled MOLM-13 cells were then mixed with a 20-fold excess of RBCs in
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a round-bottom 96-well plate. Cells were incubated with 100 nM of αCD123, 1×SIRPααCD123, 2×SIRPα-αCD123 or αCD47 (clone B6H12, eBioscience) antibodies, washed twice
with 200 μl flow cytometry buffer and centrifuged (5 min, 700 g). The supernatant was
discarded and binding of the antibodies was detected with a secondary staining using APCcoupled αhuman IgG Fc (clone HP6017, 1:100, Biolegend) or APC-coupled αmouse IgG
(clone HP6017, 1:100, Biolegend) as described in 3.3.1. The percentage of MOLM-13 cells
(PKH26+) or RBCs (PKH26-) within the antibody-bound cells was determined using Guava
easyCyte 6HT.
To analyze the competitive binding of human and mouse αGD2 antibody constructs, 0.25×105
human or mouse NBS cells per well were stained with 0.6 μg/ml Calcein acetoxymethyl (AM,
Thermo Fisher Scientific) according to manufacturer’s instructions. Labelled target cells were
mixed with a 20-fold excess of human or mouse RBCs, respectively. The cells were then
incubated with 100 nM of either human or mouse αGD2 antibodies followed by washing and
labelling with APC-coupled anti human IgG Fc (clone HP6017, 1:100), APC-coupled anti
mouse IgG (polyclonal, 1:400, BD Pharmigen). Additionally, human cells were incubated with
αCD47(h) (clone B6H12) and mouse cells with αCD47(m) (clone MIAP301, Biolegend)
followed by APC-coupled anti mouse IgG (polyclonal, BD Pharmingen) or APC-coupled anti
rat IgG (Poly4054, 1:200). The percentage of labelled target cells or unlabeled RBCs within
the antibody-bound cells was determined using Guava easyCyte 6HT (human cells) or
FACSVerse (mouse cells).

3.3.8. Hemagglutination assays
RBC binding by the SIRPα-antibody fusion constructs was also analyzed by hemagglutination.
To this end, 4×106 RBCs from human or mouse donors were incubated with various
concentrations of species specific αGD2 antibodies or αCD47 on a round-bottom 96-well plate
at room temperature (RT) ON. Images of the plates were captured as unmodified images the
next day. Hemagglutination was defined as red flocculation in the supernatant from the images.

3.3.9. CD47-blocking assays
Flow cytometry was used to investigate CD47-blocking by the SIRPα domain in the fusion
constructs as described in 3.3.1. MOLM-13 or NBS cells were first incubated with 100 nM
concentration of SIRPα-antibody constructs followed by a second staining step with a FITCconjugated anti human CD47 (clone B6H12) or APC-conjugated anti mouse CD47 (clone
MIAP301) antibodies. CD47 blockade was normalized so that the isotype control was set to
0%.
CD47-blocking by the human αCD47 B6H12 or mouse αCD47 MIAP301, was also studied.
To this end, human Raji and mouse Panc02 cells were incubated with different concentrations
of αCD47 antibodies followed by a second incubation with human or mouse αGD2-SIRPα
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antibody construct, respectively. Finally, a staining step with FITC-coupled αhuman IgG Fc
(clone HP6017, 1:100) or FITC-coupled αmouse IgG (clone Poly4060, 1:200, Biolegend) was
performed and cells were analyzed as described in 3.3.1.

3.4.

Functional in vitro assays

3.4.1. Antibody-dependent cellular phagocytosis of human cell lines
Flow cytometry-based ADCP assay was performed to study the effect of SIRPα-antibody
fusion constructs on macrophage-mediated phagocytosis. To this end, monocytes were
enriched from human PBMCs by MACS using the classical monocyte isolation kit (Miltenyi)
following the manufacturer’s instructions. 2×104 monocytes per well of a flat-bottom 96-well
plates (Nunclon Delta Sufrace, Thermo Fisher Scientific) were differentiated into macrophages
in 100 μl of full RPMI medium containing 100 ng/ml macrophage colony-stimulating factor
(MCSF, Biolegend). After 5 to 7 days of differentiation, macrophages were labeled with 0.5
μg/ml Calcein AM (Thermo Fisher Scientific) for 5 min at 37°C according to manufacturer’s
instructions. Next, macrophages were washed twice with medium and mixed with 2×104 target
cells labeled with 5 μg/ml CellTrace Calcein red-orange AM (Thermo Fisher Scientific) for 20
min at 37°C. The macrophage and target cell mixture were incubated in the presence of 50 μl
of antibody solution in full RPMI medium at 37°C for 3 h in the experiments with MOLM-13
cells and 1 h with human NBS cells. Human IgG1 isotype and αCD47 (B6H12) were used as
controls. The suspension cells were removed after the incubation and macrophages detached
with DPBS containing 4 mg/ml lidocain-HCl (Sigma-Aldrich) and 5mM EDTA for 10 min at
37°C. Finally, target cells and macrophages were pooled, centrifuged at 500 g for 3 min and
resuspended in cold flow cytometry buffer immediately before analysis. Samples were
measured by flow cytometry using either Guava easyCyte 6HT or Cytoflex LX (Beckman
Coulter). Phagocytosis was quantified as the percentage of Calcein AM positive macrophages
that have engulfed Calcein red-orange AM target cells. The phagocytosis of all conditions was
normalized to the isotype control. In case MOLM-13 cells were used as target cells, the isotype
control was set to 0% phagocytosis rate. In case human NBS cells were used, the isotype control
was set to 0% and the condition showing the highest phagocytosis rate was set to 100%. The
normalized results and their mean values from each experiment are shown.

3.4.2. Antibody-dependent cellular phagocytosis of allogenic and autologous
primary AML cells
Macrophages were differentiated from monocytes isolated from HDs for allogenic ADCP
assays. In autologous ADCP, AML target cells from initial diagnosis were used together with
macrophages which were differentiated from monocytes of the same AML patients in
remission. All AML target cells were cryo-preserved in 90% FBS and 10% dimethyl sulfoxide
(DMSO, Sigma-Aldrich) in liquid nitrogen. On the day of the assay, patient AML target cells
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were gently thawed and labelled with Calcein Red Orange AM and ADCP assays were
performed using 50 nM antibody concentration as described in above with MOLM-13 cells.
Samples were measured by flow cytometry using Guava easyCyte 6HT.

3.4.3. Antibody-dependent cellular phagocytosis by mouse bone marrow-derived
macrophages
Mouse bone marrow-derived macrophages (BMDMs) were generated by Renske van den
Bijgaart. Briefly, 4×106 bone marrow cells were cultured in a 10 cm2 Petri dish in RPMI
medium, 10% FBS, 1% L-alanyl-L-glutamine, 0.1% β-mercaptoethanol and 1%
antibiotics/antimycotics, supplemented with 20 ng/ml mouse MCSF (Peprotech). On day 3 and
6, fresh MCSF was added to the culture. On day 7, the non-adherent cells were discarded and
adherent cells were harvested using cold 1.5 mM EDTA in DPBS. BMDMs were labeled with
5 μg/ml CellTrace Calcein Red Orange AM for 5 min at 37°C and target cells were labeled
with 0.6 μg/ml Calcein AM for 5 min at 37°C according to manufacturer’s instructions. Target
cells were first incubated with 50 nM antibody solution in full RPMI medium at 37°C for 15
min and washed once with the medium. Mouse IgG2a isotype and αCD47 (MIAP301) were
used as controls. 3×104 pre-incubated target cells were mixed with 3×104 monocytes after
which the cells were incubated at 37°C for 2.5 h. After the incubation, suspension cells were
removed and rest of the cells detached with trypsin. All cells were pooled, centrifuged at 500
g for 3 min and resuspended in cold flow cytometry buffer immediately before flow cytometry
analysis. Samples were measured by flow cytometry using the FACSVerse instrument. ADCP
was measured as double-positive cells from macrophages. Results were normalized by setting
the isotype control as 0% and maximum phagocytosis value to 100%.
3.4.4. NK cell-mediated antibody-dependent cellular cytotoxicity of leukemia cell

lines
To study the NK cell-mediated lysis of cells, ADCC assay was performed. Accordingly, NK
cells were enriched from human PBMCs using the NK cell isolation kit (Miltenyi) following
manufacturer’s instructions. NK cells were used on the same day or cryo-preserved in 90%
FBS and 10% DMSO in -150°C until usage. 1×104 target cells per round-bottom 96-well plate
were labeled with 16.6 μg/ml Calcein AM for 30 min at 37°C according to manufacturer’s
instructions. Labeled target cells were subsequently mixed with 5×104 NK cells in the presence
of antibodies at different concentrations in a total volume of 200 μl of full RPMI medium for
4 h at 37°C at a 5:1 E:T ratio. In the competitive ADCC assay, NK cells were incubated with
labeled MOLM-13 or Raji cells mixed with unlabeled Raji or MOLM-13 cells, respectively, at
a 5:1:1 E:T:T ratio. Target cells were incubated in the presence of 2.5% Triton X-100 (SigmaAldrich) to establish the maximum lysis signal. Fluorescence intensity (FI) from Calcein AM
release was measured with an Infinite M100 plate reader (TECAN) and lysis was calculated as
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follows: 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 [%] = 100 ×
four-parameter dose-response curve.

𝐹𝐹𝐹𝐹(𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)−𝐹𝐹𝐹𝐹(𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢)
𝐹𝐹𝐹𝐹(max) −𝐹𝐹𝐹𝐹(𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡)

. Data were fitted to

3.4.5. ADCC with AML PDX cells
The cryo-preserved AML PDX cells derived from patients AML-491, AML-979, AML-640
and AML-579 were thawed according to Bonnet et al. 2008 [269] one to two days days prior
the ADCC assay and cultivated in StemPro-34 medium described in 3.2.3. 1×104 AML cells
per round-bottom 96-well plate were incubated with 5×104 NK cells and 100 nM antibodies
for 20 h at 37°C in 200 μl of StemPro-34 medium. Cells were labeled with LIVE/DEAD
Fixable Aqua (Thermo Fisher Scientific). The number of live mCherry+ cells was determined
by flow cytometry using the Cytoflex LX. Results were normalized to the isotype control which
was set to 100% indicating no specific killing.
3.4.5.1. Detection of the CD34+ CD38- leukemic stem cell population
To analyze the specific killing of LSCs, AML-491 and AML-579 cells were stained for the
stem cell markers CD34 and CD38 after ADCC. PE/Cy7-conjugated αCD34 (clone 561,
Biolegend) and Brilliant Violet-conjugated 421 αCD38 (clone HB-7, Biolegend) were used at
a dilution of 1:20. For compensation of the fluorochromes, single staining controls were
included. The samples were analyzed by flow cytometry within a fixed acquisition time of 60
sec using the Cytoflex LX. As the Cytoflex LX has a peristaltic pump-based fluidics system, it
is possible to measure the absolute number of events without the addition of counting beads.
The number of mCherry+ CD34+ CD38- cells was determined and normalized to the isotype
control which was set to 100%.

3.5.

In vivo engraftment studies

3.5.1. Study design
To evaluate the targeting of AML cells with leukemia initiating properties, an ex vivo NK cellmediated ADCC was performed with the 2×SIRPα-αCD123 fusion antibody and the surviving
cells were used in an in vivo engraftment experiment. This type of engraftment assay is highly
sensitive and takes advantage of the ability of the leukemia-initiating cells (LICs) to regenerate
leukemia in immunocompromised animals [270, 271]. All animal studies were performed in
accordance with the current ethical standards of the official committee on animal
experimentation (written approval by Regierung von Oberbayern, ROB-55.2Vet-2532.Vet_0216-7 and ROB-55.2Vet-2532.Vet_03-16-56). Mouse studies were dome in cooperation with
Binje Vick, who conducted the cell sorting, handling and injection of the mice,
bioluminescence imaging (BLI) and data analysis.
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3.5.2. Ex vivo ADCC and engraftment
PDX AML-491 and AML-579 were freshly isolated from NSG mice on the same day of the
ADCC assay. 1×105 AML were incubated with 5×105 HD-derived NK cells and 100 nM
antibodies for 20 h at 37°C on a round-bottom 96-well plate in StemPro-34 medium described
in 3.2.3. After the ADCC, mCherry+ PDX cells were separated from NK cells by fluorescenceactivated cell sorting (FACS) with FACSAria III (BD Biosciences) and counted. Ebinger et al.
determined that the LIC frequency was one in 1799 for AML-491 cells and one in 351 for
AML-579 [267]. Correspondingly, 18 000 (10×LIC) or 180 000 (100×LIC) residual cells of
the AML-491 isotype control treatment were injected intravenously into five male 10 to 12week-old mice. Equal volumes of residual cells from αCD123 and 2xSIRPα-αCD123
treatments were similarly injected into five mice. For AML-579, 5000 (14×LIC) and 50 000
(140×LIC) residual cells of the isotype control treatment were injected intravenously into two
to four female 10 to 12-week-old mice. Equal volumes of AML-579 residual cells from
αCD123 and 2xSIRPα-αCD123 treatments were injected into same number of mice.

3.5.3. Evaluation of the results
Positive AML engraftment was analyzed by in vivo BLI, and total flux was quantified as
described previously [266]. Mice showing total flux above 5×107 photons per second were
classified as positive engraftment; mice showing no positive imaging signal within 28 weeks
upon transplantation were classified as negative engraftment. Mice showing any clinical signs
of illness or end stage leukemia according to Vick et al. 2015 (total flux >2×1010 photons/s;
human CD33+ cells in peripheral blood > 50%) were sacrificed [266]. Three mice died in
narcosis during imaging and were counted as positive according to the last imaging signal or
were excluded if not engrafted. Ratio of BLI positive animals to all animals was used to
calculated LIC frequency using the extreme limiting dilution analysis (ELDA) software [272].

3.6.

Data plotting and statistical analysis

Statistical evaluation was performed using GraphPad Prism versions 6.07 and 8.1.2
(GraphPad). Data sets were analyzed using one-way analysis of variance (ANOVA) including
a test to determine equal variances within the groups and correction for multiple testing by
Holm-Sidak's test. A Kaplan-Meier plot was generated to show AML engraftment and survival
by treatment group and significance was assessed by log-rank Mantel-Cox test. Results were
considered statistically significant at values and marked in figures as follows: p-value < 0.05
(*), < 0.01 (**), < 0.001 (***), < 0.0001 (****).
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4. Results
4.1.

SIRPα-αCD123 fusion antibodies targeting AML

4.1.1. Generation and purification of the SIRPα-αCD123 fusion antibodies
1×SIRPα-αCD123 and 2×SIRPα-αCD123 fusion antibodies were generated to boost the
clearance of AML LSCs. The fusion antibodies were formed by genetically joining the human
IgG1 αCD123 antibody with the N-terminal immunoglobulin V-like domains of the SIRPα
(Figure 4). αCD123 was connected with the SIRPα domain with (Gly4Ser)4 linkers to provide
flexibility between the binding modules. To evaluate the effects from the SIRPα domains alone,
respective control fusion antibodies were generated with αCD19 or αGD2 (data not shown).

Figure 4. Schematic representation of αCD123 and SIRPα-αCD123 fusion antibodies. (A) The
encoding DNA constructs. Igκ leader sequence (Igκ) is cleaved from the protein chain. VL – variable
light, CL – constant light, VH – variable heavy, CH1 – constant heavy 1, CH2 – constant heavy 2, CH3
– constant heavy 3, H – hinge region. The N-terminal SIRPα immunoglobulin V-like domain is fused
to the αCD123 via a (G4S)4 linker. (B) Schematic drawings of the fusion antibody proteins.

All antibodies were produced in Expi293F cells, purified from the cell culture supernatant by
protein A affinity chromatography and preparative SEC (Figure 5A). A single SEC peak was
observed for all antibodies demonstrating an absence of visible aggregations, degradation
products or contaminating proteins. The αCD123 antibody eluted at around 12.8 ml while
1×SIRPα-αCD123 and 2×SIRPα-αCD123 antibodies eluted at around 11.6 ml and 10.8 ml,
respectively. This coincides with their bigger size due to additional SIRPα domains. The nonreduced antibodies and their reduced heavy and light chains of the purified proteins
corresponded to the computed masses with no detectable unspecific protein bands based on the
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SDS-PAGE analysis (Figure 5B). Thermal stability of the antibodies was assessed by
measuring changes in the intrinsic tryptophan or tyrosine fluorescence of the proteins using
nanoDSF. The thermal unfolding profiles and Ti, which represent the unfolding events, are
shown in figure 5C. The single or double SIRPα fusion did not influence thermal stability of
the antibodies compared to αCD123.

Figure 5. Purification and thermal stability of αCD123 and SIRPα-αCD123-fusion antibodies. (A)
SEC chromatograms of preparative antibody purifications. A single peak was observed for all
antibodies. (B) SDS-PAGE of the purified antibodies under non-reducing and reducing conditions.
Computed masses of antibodies and the polypeptide chains are indicated. (C) Thermal stability of
antibodies was determined by nanoSDF. The measured Ti values are indicated, n=2.

4.1.2. Binding of SIRPα-αCD123 fusion antibodies
4.1.2.1. Binding to CD123 and CD47
The αCD123 binder used in this study has been shown to have a high binding affinity for the
extracellular domain of CD123 [273]. To evaluate whether the affinity is influenced by the Nterminal fusion of the SIRPα domain, the KD was measured by SPR for both αCD123 and
SIRPα-αCD123 fusion antibodies (Figure 6A). The KD values measured were not higher for
the SIRPα-αCD123 fusion antibodies and therefore, the fusion of the SIRPα did not affect the
affinity of αCD123 for CD123ex (Table 8). The binding of the antibodies was further analyzed
using a flow cytometry-based assay where MOLM-13 cells were incubated with increasing
38

RESULTS

antibody concentrations up to saturation and KD values were determined as an indication of
avidity binding (Figure 6B). The KD values of the SIRPα-αCD123 binding were significantly
lower than for the αCD123 and thus, the avidity binding is increased due to the addition of the
SIRPα domain (Table 8).

Figure 6. KD measurements of αCD123 and SIRPα-αCD123-fusion antibodies. (A) Representative
SPR profiles from 1 out of 3 Biacore measurements. Different concentrations of CD123 extracellular
domain were used as an analyte binding to the antibodies. Raw data are in red; black curves were fitted
to 1:1 interaction. (B) Flow cytometry based KD measurements using MOLM-13 cells that were
incubated with increasing concentrations of antibodies.
Table 8. KD values measured by SPR and flow cytometry.
αCD123

1×SIRPα-αCD123

p

2×SIRPα-αCD123

p

SPR

1.20 ± 0.59 nM

2.74 ± 1.1 nM

ns

2.34 ± 1.1 nM

ns

Flow cytometry

2.90 ± 0.46 nM

1.39 ± 0.38 nM

** 1.72 ± 0.30 nM

*

Mean ± standard deviation (SD) of n=3 experiments. Statistical differences were determined in
comparison to αCD123.

Flow cytometry-based studies were performed to characterize the binding properties of the
SIRPα-αCD123 fusion antibodies. Two CHO based cell lines were used to evaluated the
functionality of the SIRPα domain within the fusion antibodies. The CHOCD47+ cells are stably
transfected and express high levels of human CD47 whereas the control cells CHOCD47- are
negative (Table 9). As expected, 1×SIRPα-αCD123 and 2×SIRPα-αCD123 bound to CHOCD47+
cells but not to CHOCD47- cells indicating that the SIRPα domain is able to target CD47 when
fused to the αCD123 antibody (Figure 7).
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Table 9. Average surface antigen expression levels per cell.
Cells

CD123

CD47

CD19

CHOCD47+

104 ± 68

1 424 894 ± 329 869

n. d.

CHOCD47-

159 ± 50

532 ± 35

n. d.

MOLM-13

13 723 ± 1 108

67 703 ± 3 784

30 ± 2

RBC

106 ± 33

33 841 ± 2 221

n. d.

Raji

94 ± 95

170 868 ± 37 029

141 688 ± 19 997

Expression levels were determined by QIFIKIT. Data are means ± standard error of the mean (SEM,
n=2 - 3). Not determined (n. d.).

Figure 7. CD47 binding by the SIRPα-αCD123-fusion antibodies. Binding of antibodies to
CHOCD47+ and CHOCD47– cells was measured by flow cytometry. Grey line indicates unspecific staining
of the isotype control and secondary antibody. Histograms show 1 of 3 experiments with similar results.

4.1.2.2. Binding to target cell line MOLM-13
The AML cell line MOLM-13 expresses both CD47 and CD123 and was selected as a target
cell line for functional studies (Table 9). Flow cytometry was used to analyze the binding of
SIRPα-αCD123 fusion antibodies to MOLM-13 cells. In agreement with increased avidity
(Table 8), 1×SIRPα-αCD123 and 2×SIRPα-αCD123 showed higher overall binding to MOLM13 cells than the αCD123 antibody indicating a contribution by the SIRPα domain (Figure 8A).
MOLM-13 cells do not express CD19 (Table 9) and thus, αCD19 based SIRPα fusion
antibodies were used as controls. The 1×SIRPα analogue did not bind to MOLM-13 cells and
the 2×SIRPα fusion demonstrated only a low level of binding which is most likely facilitated
through the four SIRPα domains.
The physiological interaction of the SIRPα domain and CD47 is about 100-fold weaker than
the affinity of the αCD123 antibody for CD123 [146, 148]. Preferential binding to CD123+
CD47+ leukemic cells in the presence of CD123- CD47+ healthy cells is therefore hypothesized
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for the SIRPα-αCD123 fusion antibodies due to the high affinity αCD123 domain. RBCs are
highly abundant healthy CD47+ cells that are readily targeted by the CD47 targeting agents
such as αCD47 antibodies [149, 167, 274]. To investigate whether SIRPα-αCD123 fusion
antibodies selectively target AML cells, MOLM-13 cells were mixed with 20-fold excess of
RBCs in a competitive binding assay and the percentage of either cell type bound by the
antibody was analyzed. A strong preferential binding to MOLM-13 cells was observed with
the αCD123 and 1×SIRPα-αCD123 antibodies (Figure 8B). The preferential binding to
MOLM-13 cells was less pronounced with the 2×SIRPα-αCD123. In contrast, the high affinity
αCD47 antibody (B6H12), demonstrated a substantial on-target off-leukemia effect and bond
primarily to RBCs. Binding of the antibodies was also analyzed by MFI ratio on both the
MOLM-13 and RBC population (Figure 8C and D). Surprisingly, the MFI ratio for αCD123
antibody binding to MOLM-13 cells was slightly below the binding threshold in the presence
of 20-fold excess of RBCs while both of the SIRPα-αCD123 antibodies bound well. The
measured MFI ratio was highest for the αCD47 antibody. Nevertheless, the RBCs did not bind
αCD123 and 1xSIRPα-αCD123 antibodies and the little binding observed for 2×SIRPααCD123 was very weak falling far below the threshold. αCD47 antibody bound to RBCs
similar what was observed for MOLM-13. In summary, the results of the competitive binding
assay show that although the additional SIRPα domains increase the competition between
MOLM-13 cells and RBCs, the αCD123 still guides the SIRPα-αCD123 antibodies
preferentially to CD123+ cells.
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Figure 8. Competitive binding of SIRPα-αCD123-fusion antibodies to MOLM-13 in the presence
of RBCs. (A) Binding of αCD123, 1×SIRPα-αCD123 and 2×SIRPα-αCD123 or respective αCD19
control antibodies to MOLM-13 cells was measured by flow cytometry. Shown are mean values from
n=3 experiments (n=2 for 2×SIRPα-αCD19) ± SEM. (B) Percentage of 100 nM antibodies bound to
MOLM-13 or RBCs measured by flow cytometry. Shown are results from n=4 RBC donors ± SEM.
(C) Binding of the antibodies to only MOLM-13 cells in 20-fold excess of RBCs. (D) Binding of the
antibodies to RBCs in the same conditions. n=4. Dotted line indicates MFI ratio of 1.5 as cut-off for
positive expression.

4.1.3. Functional characterization of SIRPα-αCD123 fusion antibodies
4.1.3.1. SIRPα-αCD123-mediated CD47 blockade on AML cells
SIRPα-αCD123 fusion antibodies were designed to interfere with the CD47/SIRPα axis locally
on CD123+ cells. To measure the blocked CD47 sites due to SIRPα-αCD123 fusion antibody
binding, a flow cytometry-based detection of labeled αCD47 antibodies that interfere with the
binding of SIRPα was performed using MOLM-13 cells. The 1×SIRPα-αCD123 and 2×SIRPααCD123 were able to block a significant amount of CD47 molecules on MOLM-13 cells and,
not surprisingly, a maximum blockade was seen with the high affinity αCD47 antibody (Figure
9A). In comparison, the αCD19 control molecule with 1×SIRPα did not block CD47 on
MOLM-13 cells and although the 2×SIRPα control showed some blockade, it was lower than
for the 2×SIRPα-αCD123 antibody (Figure 9A). The 1×SIRPα-αCD123 likewise did not block
CD47 on CD123- Raji cells and the 2×SIRPα-αCD123 blocked significantly less CD47 than
42

RESULTS

the respective αCD19 control molecule that do bind to CD19+ Raji cells (Table 9, Figure 9B).
These results indicate that the high affinity αCD123 moiety is essential for an efficient
disruption of the CD47/SIRPα axis on CD123+ target cells.

Figure 9 Blockade of CD47 on CD123+ MOLM-13 and CD123- Raji cells. (A) CD47 blockade on
MOLM-13 cells with 100 nM antibodies was determined by FITC αCD47 binding using flow
cytometry. Mean ± SEM of n=4 experiments are shown. (A) CD47 blockade on CD123- CD19+ Raji
cells. Mean ± SEM of n=3 experiments are shown.

4.1.3.2. Phagocytosis of MOLM-13 cells induced by the SIRPα-αCD123 antibodies
The major goal for the SIRPα-αCD123 antibodies is to boost the macrophage-mediated
immune control of AML. Phagocytosis of MOLM-13 cells by HD-derived macrophages was
thereby analyzed using flow cytometry. 50 nM concentration was first chosen based on
preclinical studies with αCD47 antibodies B6H12 and Hu5F9-G4 [73, 274]. 1×SIRPα-αCD123
and 2×SIRPα-αCD123 both induced significantly higher phagocytosis compared to αCD123
(Figure 10A). The αCD47 induced the highest phagocytosis alone and this was not boosted by
combining it with the αCD123 antibody. Surprisingly, the corresponding αCD19 controls,
induced similar phagocytosis levels as the SIRPα-αCD123 fusion antibodies. When analyzing
a 1000-fold lower concentration, 1×SIRPα-αCD123 significantly enhanced the phagocytosis
compared to αCD123 (Figure 10B). Similarly, 2×SIRPα-αCD123 induced higher
phagocytosis, albeit it was not statistically significant. αCD19 controls and the αCD47 could
not stimulate phagocytosis in the lower concentration, demonstrating a therapeutic window for
the beneficial effect of local CD47 blockade on AML cells by SIRPα-αCD123 fusion
antibodies. The selective phagocytosis induced by SIRPα-αCD123 antibodies over unspecific
SIRPα binding was further confirmed when target cells were incubated with 1 nM
concentration of antibodies prior the ADCP assay. This experiment demonstrated that the
1×SIRPα-αCD123 induced a clearly higher phagocytosis than the respective SIRPα binding
control antibody (Figure 10C).
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Figure 10. Phagocytosis of MOLM-13 cells. (A) ADCP of MOLM-13 cells at 50 nM concentration.
Shown are mean ± SEM from experiments with n=6-11 different macrophage donors. (B) ADCP of
MOLM-13 cells at 50 pM concentration. Shown are mean ± SEM from experiments with n=5-7
macrophage donors. (C) ADCP of MOLM-13 cells after incubation with 1 nM antibody concentration.
Shown are mean ± SEM from experiments with 6 macrophage donors.

4.1.3.3. SIRPα-αCD123-mediated phagocytosis of primary AML cells
Patient-derived AML blasts were next used as targets cells and allogeneic HD macrophages as
effectors to investigate the effect of the SIRPα-αCD123 fusion antibodies in an AML patient
setting. Significantly higher ADCP was observed with both the 1×SIRPα-αCD123 and
2×SIRPα-αCD123 fusion antibodies compared to the αCD123 (Figure 11A). Importantly, these
results were confirmed in an autologous setting where AML target cells and effector
macrophages were derived from the same patient (Figure 11B). Phagocytosis mediated by
1×SIRPα-αCD123 and 2×SIRPα-αCD123 was significantly higher than observed for the
αCD123. αCD47 alone and in combination with αCD123 antibody did not induce more
phagocytosis than the SIRPα-αCD123 fusion antibodies with both allogeneic and autologous
macrophages. Taken together, the bifunctional SIRPα-αCD123 antibodies induce potent
macrophage-mediated ADCP of primary AML patient samples in vitro due to simultaneous
targeting of CD123+ cells and CD47 blockade.
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Figure 11. Phagocytosis of AML patient cells. (A) Phagocytosis of AML patient cells by allogeneic
macrophages (n=3-4). (B) Phagocytosis of AML patient cells by autologous macrophages (n=4-5). On
the left are examples of flow cytometry plots of raw data where ADCP is the % of double positive cells
(gated) from all macrophages. On the right is the mean of normalized results of independent
experiments with individual patients represented by different symbols.

A higher overall phagocytosis was observed with primary AML cells compared to MOLM-13
cells. An analysis of cell surface marker expression revealed that although both the cell line
and primary AML cells express CD123 and CD47, MOLM-13 differ from the primary cells
cells by having higher levels of the SIRPα as well as by expressing the FcγRII, known as CD32,
which might interfere with the fusion antibody binding (Figure 12A and B). Both HD and AML
patient-derived macrophages were positive for CD47, CD16 (FcγRIII), CD32, CD64 (FcγRI)
and SIRPα (Figure 12C and D). CD123 was not expressed on HD and patient-derived
macrophages whereas the AML target antigen CD33 was highly expressed.

Figure 12. Expression of cell surface antigens. MFI ratios were calculated from flow cytometry
measurements. (A) MOLM-13 cells (n=5-9). (B) Primary AML blasts (n=5-8). (C) HD-derived
macrophages (n=4-5). (D) AML patient-derived macrophages (n=4-5). Dotted line indicates MFI ratio
of 1.5 as cut-off for positive expression.

4.1.3.4. SIRPα-αCD123 antibody-mediated cytotoxic lysis of AML cells
In addition to ADCP, IgG1 antibodies facilitate NK cell-mediated ADCC, which is one of the
main mechanisms by which antibody-bound cancer cells are eliminated by the immune system
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[260]. The specific lysis induced by SIRPα-αCD123 antibodies was thereby analyzed by
measuring the release of Calcein AM induced by HD-derived NK cells. αCD123 induced a
moderate dose-dependent lysis of MOLM-13 with 20% of lysis in the highest concentration
(Figure 13A). 1×SIRPα-αCD123 and 2×SIRPα-αCD123 were more potent in inducing cell
death reaching higher maximum lysis of approximately 40% (Figure 13A). The respective
αCD19 controls killed MOLM-13 cells only at high concentrations (Figure 13A). This is
attributed to autonomous targeting of CD47 by the fused SIRPα domains and corresponds to a
more prominent effect seen with the 2×SIRPα αCD19 control molecule which carries more
SIRPα domains. A specific αCD123-facilitated cytotoxicity is nevertheless demonstrated for
the SIRPα-αCD123 fusion antibodies as the 50% effective concentration (EC50) was
considerably lower for the 2×SIRPα-αCD123 (19.1 pM) compared to the 2×SIRPα αCD19
analogue (192.1 pM).

Figure 13. NK cell-mediated lysis of MOLM-13 cells. αCD123, 1xSIRPα-αCD123 and 2xSIRPααCD123 antibodies (A) or respective αCD19 controls (B) in a dose-dependent lysis assay of MOLM13 cells measured by Calcein AM release. Shown are mean values ± SEM of n=6 different NK cell
donors. EC50 values were calculated where possible.

As SIRPα-αCD123 can bind to both CD123 and CD47, a more efficient targeting of CD123+
CD47+ double positive cells over CD47+ single positive cells are expected from the fusion
antibodies. In order to evaluate this, ADCC assay with a 1:1 mixed population of CD123+
MOLM-13 and CD123- Raji cells was performed. In this setting, MOLM-13 were lysed
efficiently by SIRPα-αCD123 antibodies, whereas Raji cells were not lysed by the 1×SIRPααCD123 and 2×SIRPα-αCD123 induced lower lysis only at high concentrations (Figure 14).
These results suggest that SIRPα-αCD123 preferentially induce killing of CD123+ AML cells
and not healthy cells.
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Figure 14. NK cell-mediated lysis of CD123+ MOLM-13 or CD123- Raji cells in a competitive
ADCC assay. (A) Dose-dependent lysis of either MOLM-13 or Raji cells in a 1:1 mixture of both
measured form the indicated cell line by Calcein AM release. Shown are mean values ± SEM from
experiments with n=2 NK cell donors for MOLM-13 and n=3 for Raji.

4.1.3.5. Cytotoxic lysis of AML patient-derived cells
The ability to specific lysis induced by SIRPα-αCD123 antibodies was further investigated
using AML PDX cells. The cells were established in the laboratory of Irmela Jeremias by
injecting primary AML patient cells into immunocompromised mice and selecting for samples
capable of serial transplantation, a characteristic of an aggressive disease [266, 267]. The PDX
cells were genetically engineered to express firefly luciferase for bioluminescence imaging in
vivo and mCherry for flow cytometry analysis [266]. 57% and 18% of live AML cells could be
detected after the ADCC with 1×SIRPα-αCD123 and 2×SIRPα-αCD123, respectively (Figure
15). Thus, both of the molecules induced a dramatic lysis of AML PDX cells which was
significantly higher than the lysis mediated by αCD123 antibody.

Figure 15. NK cell-mediated lysis of patient derived xenograft (PDX) cells. The percentage of live
PDX cells was measured after an ADCC assay with αCD123, 1xSIRPα-αCD123 and 2xSIRPα-αCD123
antibodies. Results from n=3 AML patient samples, represented by different symbols, and their mean
values are shown.

The lysis of PDX cells was demonstrated with three AML PDX samples (AML-491, AML797, AML-640) using NK cells from a single HD. To evaluate the killing by NK cells from
different donors, two AML PDX patient samples were chosen for further analysis. AML-491
and AML-579 both express high levels of CD123 and CD47 (Figure 16A). A pronounced lysis
47

RESULTS

of the PDX cells compared to the isotype control was observed for αCD123, but the SIRPα
fusion antibodies induced a significantly higher lysis than αCD123 (Figure 16B and C).
The major goal in AML therapy is to target LSCs to prevent relapse and enhance the rate and
duration of response in patients. As AML LSC express high levels of both CD123 and CD47
[73, 221], SIRPα-αCD123 fusion antibodies are expected to specifically target the LSC
population. LSCs are considered to reside within the CD34+/CD38− cell fraction [210, 275]
and the prevalence of this population was analyzed by flow cytometry after ADCC with SIRPααCD123 fusion antibodies. The number of CD34+/CD38− PDX cells greatly decreased after the
ADCC and 2×SIRPα-αCD123 reduced the number of LSCs significantly more than the
αCD123 antibody (Figure 16C and D).

Figure 16. NK cell-mediated lysis of AML PDX cells and the CD34+/CD38− population. (A)
Phenotype of AML-491 and AML-579 PDX cells. (B) The number of live PDX cells was measured
after an ADCC assay. Results from n=5 HD NK donors for both AML-579 and AML-491 patient
samples. (C) Representative flow cytometry plots of mCherry+ AML-PDX CD34+/CD38− leukemic
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stem cells after the ADCC assay. (D) The count of CD34+/CD38− cells from all live mCherry+ cells are
normalized to isotype control. n=4 HD NK donors for both AML-579 and AML-491 patient samples

4.1.3.6. Selective targeting of AML stem cells by the SIRPα-αCD123 fusion antibodies
Despite the promising results regarding LSCs targeting by the SIRPα-αCD123 fusion
antibodies observed in ADCC assays in vitro, the numbers of CD34+/CD38− cells were
generally low in all samples. This is a feature of the PDX cells that has been observed by others
as well [267] and makes the analysis of the data complicated. Therefore, the activity of LSCs
was further analyzed in a functional in vivo engraftment assay using a xenograft mouse model
[266]. These assays have been widely used to investigate LIC population as a surrogate for
LSCs [275-277]. To evaluate the impact of our antibodies on targeting LICs, an ex vivo ADCC
was performed with AML-491 and AML-579 PDX cells. Next, the surviving PDX cells were
separated from NK cells by FACS and injected into NSG mice at two doses corresponding to
10/14×LIC and 100/140×LICs (Figure 17A). The LIC frequencies in these samples have been
previously determined [267]. AML engraftment was analyzed by BLI (Figure 17A). The in
vivo experiment was performed in collaboration with Binje Vick from the laboratory of Irmela
Jeremias.
2×SIRPα-αCD123 was chosen from the SIRPα fusion antibodies, as AML PDX cells and,
importantly, the CD34+/CD38− population was targeted most efficiently by this molecule
(Figure 15, Figure 16B-D). Similar to previously observed results, PDX cells were potently
lysed by the 2×SIRPα-αCD123 antibodies in the ex vivo ADCC assay (Figure 17B). Of note,
slightly more AML-579 than AML-491 cells were viable in the 2×SIRPα-αCD123 condition
(Figure 17B).

Figure 17. Ex vivo NK cell-mediated lysis of AML-491 and AML-579 PDX cells. (A) Setup of the
engraftment assay. (B) Percentage of live PDX cells was measured by FACS after an ADCC assay with
isotype control, αCD123 and 2×SIRPα-αCD123 antibodies before in vivo engraftment.

For analyzing the LIC targeting in AML-491 patient sample, 5 mice were injected with 10×LIC
and 100×LIC doses of the isotype control treated cells. Respective volumes of αCD123 and
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2×SIRPα-αCD123 antibody treated cells were both injected to 5 mice. Three mice died in
narcosis during imaging and were counted as positive according to the last imaging signal or
were excluded if not engrafted. As shown in Figure 18 A-B and Table 10, all mice that received
isotype control treated AML-491 cells showed PDX engraftment soon after transplantation.
Treatment with the αCD123 antibody delayed time to positive engraftment and, strikingly,
residual cells from 2×SIRPα-αCD123 cultures showed nearly no engraftment capacity (Figure
18A-B, Table 10). In Figure 18C-D representative images of the BLI analysis from day 62 are
shown. In Figure 18E, the analysis of engraftment probability confirmed a statistically
significant difference between the αCD123 and 2×SIRPα-αCD123 treatments.
Correspondingly, all mice with positive engraftment reached end stage leukemia fast (Figure
18F).

Figure 18. Engraftment of AML-491 PDX samples. (A-B) AML burden in individual mice of the
10×LIC and 100×LIC groups was measured by quantifying the BLI signal. Dotted line indicates total
flux of 5×107 photons/s as cut-off for evaluating positive AML engraftment. 10×LIC (C) and 100×LIC
(D) engraftment visualized on day (d) 62. Mice that died in narcosis during imaging (d. i. n.) were
counted as positive if the last imaging signal showed positive engraftment (p. e.) or were excluded from
analysis (ex.) if not engrafted. (E) Positive engraftment analysis. (F) Survival analysis.
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For AML-579, 4 mice were injected with 14×LIC and 2 mice with 140×LIC dose of the isotype
control treated cells. Same number of mice were injected with respective volumes of αCD123
and 2×SIRPα-αCD123 antibody treated cells. Similar results as for AML-491 were observed
(Figure 19A-B, Table 10). Mice who received 14×LIC dose of the isotype treated cells showed
early engraftment and most of the mice receiving αCD123 antibody treated cells engrafted soon
after. All mice that were injected with the 14×LIC dose of the residual cells from 2×SIRPααCD123 cultures did not engraft and both animals in the 100×LIC group demonstrated delayed
engraftment. Figures 19C-D contain representative images of the BLI analysis from day 63. A
significantly reduced engraftment probability could be demonstrated between the αCD123 and
2×SIRPα-αCD123 treatments in the 14×LIC cohort (Figure 19E). All mice with positive
engraftment reached end stage leukemia fast (Figure 19F).

Figure 19. Engraftment of AML-579 PDX samples. (A, B) AML burden in individual mice of the
14×LIC and 140×LIC groups was measured by quantifying the BLI signal. Dotted line indicates total
flux of 5×107 photons/s as cut-off for evaluating positive engraftment. AML-5791 14×LIC (C) and
140×LIC (D) engraftment visualized on day (d) 63. Mice that died in narcosis during imaging (d. i. n.)
were counted as positive if the last imaging signal showed positive engraftment (p. e.) or were excluded
(ex.) if not engrafted. End stage leukemia (e. s. l.). (E) Positive engraftment analysis. (F) Survival
analysis.
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Overall, the AML-579 showed a slightly earlier engraftment, which is expected due to a higher
LIC cell dose the mice receive compared to the AML-491 (Table 10). Nevertheless, 2×SIRPααCD123 could target LICs in both patient samples significantly more than αCD123.
Table 10. Engraftment days. Number of mice/mice injected in parenthesis.
AML-491

10×LIC

Isotype control

αCD123

2×SIRPα-αCD123

28 – 49 (5/5)

62-91 (5/5)

no engraftment (3/4)
114 (1/4)

AML-579

100×LIC 33 (5/5)

49 (4/4)

no engraftment (5/5)

14×LIC

no engraftment (1/4)

no engraftment (4/4)

35 – 49 (4/4)

63 (3/4)
140×LIC 21 and 35 (2/2)

35 (2/2)

63 (2/2)

To determine whether the nearly absent engraftment in the 2×SIRPα-αCD123 condition was
due to specific LIC targeting or as a result of lower number of residual cells injected, LIC
frequencies were analyzed by ELDA algorithm [272]. Even though all mice in the isotype and
αCD123 treatment groups showed engraftment, ELDA can give estimations of LIC frequencies
even in cases with 0% or 100% responses [272]. A significant difference in the estimated LIC
frequencies was detected between αCD123 and 2×SIRPα-αCD123 treatments, concluding that
although 2×SIRPα-αCD123 markedly reduces the numbers of bulk AML, it targets leukemic
stem cells with even higher preference (Table 11, Figure 20).

Figure 20. Leukemia-initiating cell (LIC) frequencies. Estimations of LIC frequencies with
95% confidence intervals were calculated with the ELDA software [272] (related to Table 11).
Taken together, the results of the first part of the thesis demonstrate that the bifunctional
SIRPα-αCD123 antibodies selectively target AML cells and efficiently recruit macrophages to
overcome the CD47 induced inhibition of phagocytosis of primary AML patient blasts in vitro.
In addition, 2×SIRPα-αCD123 also effectively targets LSCs as demonstrated by the in vivo
engraftment assay.
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Table 11. Estimated LIC frequencies of AML PDX samples after NK cell-mediated lysis with the
SIRPα-αCD123 fusion antibodies
Sample

Number
injected cells

of Number of mice
injected / engrafted

180 000

5/5

1800

5/5

26 000

4/4

2600

5/5

AML-491,

4 000

5/0

2×SIRPα-αCD123

400

4/1

50 000

2/2

5 000

4/4

20 000

2/2

2 000

4/3

AML-579,

3 000

2/2

2×SIRPα-αCD123

300

4/0

AML-491, isotype
AML-491, αCD123

AML-579, isotype
AML-579, αCD123

Estimated LIC frequency
(95% confidence interval)
1/1 (1/1 - 1/22 575)
1/1 (1/1 - 1/3 261)
1/21 399(1/2 786 - 1/164
397)
1/1 (1/1 - 1/7 800)
1/1 443 (1/424 – 1/4 908)
1/1 674 (1/410 - 1/6 842)

Historic AML-491
[267]

1/1 799 (1/945 - 1/3 426)

Historic AML-579
[267]

1/351 (1/776-1/1 590)

Residual patient-derived xenograft cells were counted before injection during cell sorting and LIC
frequencies were estimated using the ELDA software [272]. LIC frequencies of historic untreated
AML-491 and AML-579 were previously determined by Ebinger et al. [267].

53

RESULTS

4.2.

αGD2-SIRPα fusion antibodies targeting neuroblastoma

4.2.1. Generation and purification of αGD2-SIRPα fusion antibodies
To enhance the antitumor response of tumor associated macrophages in NBS, human SIRPααGD2 antibodies, that carry one SIRPα domain at the N-terminus of the LC, were generated
(Figure 21). Initial screening of SIRPα-αGD2 revealed a decreased binding of these antibodies
to human NBS cell line IMR-32 (data not shown). The proposed structure of GD2 and 14G2a
antibody interaction indicates that the binding occurs close to the cell membrane [278]. The
binding to the antigen could potentially be influenced by the fusion of the SIRPα domain to the
N-terminal region of the αGD2 antibody LC by a (Gly4Ser)4 linker. The αGD2-SIRPα was thus
generated by fusing the SIRPα domain to the C-terminal region of the αGD2 antibody HC with
a longer (Gly4Ser)8 linker (Figure 21). Both SIRPα-αGD2 and αGD2-SIRPα and the αGD2
antibody were generated in human IgG1 and mouse IgG2a formats carrying the respective
human or mouse SIRPα domains.

Figure 21. General schematic representation of the structure of the human and mouse αGD2 and
SIRPα-fusion antibodies. (A) The encoding DNA constructs. Igκ is cleaved from the protein chain.
The molecules were generated with regions of either human IgG1 or mouse IgG2a antibodies. VL –
variable light, CL – constant light, VH – variable heavy, CH1 – constant heavy 1, CH2 – constant heavy
2, CH3 – constant heavy 3, H – hinge region. The N-terminal human or mouse SIRPα immunoglobulin
V-like domain is fused to the αGD2 via a (G4S)4 linker. The C-terminal human or mouse SIRPα
immunoglobulin V-like domain is fused to the αGD2 via a (G4S)8 linker. (B) Schematic drawings of
the antibodies.
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Protein A affinity chromatography followed by preparative SEC were used to purify the
antibodies from Expi293F cell supernatant. A single peak was observed in the SEC
chromatogram for the αGD2 and SIRPα-αGD2 antibodies whereas the αGD2-SIRPα showed
a small additional aggregation peak, which was excluded from final protein preparation (Figure
22A, B). Purified proteins were analyzed by SDS-PAGE where the LCs and HCs corresponded
to the computed masses with no detectable unspecific protein bands (Figure 22C, D).

Figure 22. Purification of αGD2-SIRPα fusion antibodies. SEC Chromatograms of preparative
purifications of (A) human and (B) mouse antibodies. SDS-PAGE of the purified (C) human and (D)
mouse antibodies under reducing conditions. Computed masses of antibody chains are indicated.

Thermal stability of the antibodies was assessed by nanoDSF. The thermal unfolding profiles
with Ti representing unfolding showed that the N- or C-terminal SIRPα fusion did not change
the thermal stability of the antibodies compared to αGD2. (Figure 23).
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Figure 23. Thermal stability of αGD2-SIRPα fusion antibodies. Thermal stability of (A) human and
(B) mouse antibodies was determined by Tycho NT.6. The measured inflection temperatures (Ti) are
indicated, n=2.

4.2.2. Binding of -SIRPα fusion antibodies to mouse and human cells
4.2.2.1. Binding to neuroblastoma cells
The expression of GD2 and CD47 on human and mouse cell lines was characterized to analyze
the binding of bifunctional antibodies to these cell lines. Three human (SK-N-AS, IMR32 and
Shep2) and four mouse cell lines (Neuro2a, 9464D, 9464D-OVA, 9464D-GFP) were included
in the analysis. The human cell line phenotype and binding was kindly analyzed and data
provided by Anja Wittner. All experiments performed with mouse cell lines were performed
with Renske van den Bijgaart in the laboratory of ROI.
The surface expression of GD2 was determined using a QIFIKIT quantitative analysis assay
and flow cytometry-based analysis of antibody binding. All cell lines showed different levels
of GD2 surface antigens (Table 13) that corresponded to the binding of αGD2 measured by
flow cytometry (Figure 24A and C). Overall, the human NBS cells expressed higher levels of
GD2 than mouse cells and the mouse NBS cell line Neuro2a did not express any GD2 (Table
13, Figure 24A and C). Human cell lines varied in CD47 expression with the lowest levels
measured on IMR-32 and highest on Shep2 cells (Table 13, Figure 24A). Surprisingly, in
comparison to CD47, higher levels of GD2 were estimated from the QIFIKIT measurement
than by using the αGD2 antibody (Table 13, Figure 24A). All mouse cell lines expressed high
levels of CD47 but the highest expression was observed on Neuro2a cells (Figure 24C).
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Table 13. Average surface antigen expression levels per cell.
Organism

Cell line

GD2

CD47

Human

SK-N-AS

17 880 ± 5 102

99 614 ± 14 542

Human

IMR-32

63 092 ± 17 513

29 098 ± 5 123

Human

Shep2

183 394 ± 64 591

126 769 ± 24 584

Mouse

Neuro2a

162 ± 146

n. d.

Mouse

9464D

966 ± 372

n. d.

Mouse

9464D-OVA

12 359 ± 2 741

n. d.

Mouse

9464D-GFP

64 094± 18 197

n. d.

Determined by QIFIKIT. Data are means ± SEM (n=2-3). Not determined (n. d.).

The binding of αGD2, SIRPα-αGD2 and αGD2-SIRPα antibodies to NBS cells was analyzed
next. As expected, the binding of the αGD2 antibody correlated to the amount of GD2 on
human NBS cells with SK-N-AS showing the lowest and Shep2 the highest binding. The
αGD2-SIRPα bound similar to αGD2 but the SIRPα-αGD2 demonstrated less binding (Figure
24B). In the mouse setting, αGD2 did not bind to GD2- Neuro2a cells but the αGD2-SIRPα
and SIRPα-αGD2 antibodies bound to these cells (Figure 24D). Likewise, αGD2 targeted the
9464D cell line minimally while a considerable binding of the αGD2-SIRPα and SIRPα-αGD2
antibodies was detected (Figure 24D). αGD2 bound well to 9464D-OVA cells, but αGD2SIRPα and SIRPα-αGD2 still bound slightly better. The 9464D-GFP cell showed the highest
αGD2 binding and differences compared to αGD2-SIRPα and SIRPα-αGD2 were not
pronounced. Interestingly, although 9464D-OVA and SK-N-AS cells as well as 9464D-GFP
and IMR-32 cells had similar GD2 levels based on QIFIKIT (Table 13), mouse cell lines bound
the αGD2 antibody less (Figure 24B and D). At the same time, an extensive increase in αGD2SIRPα and SIRPα-αGD2 binding compared to αGD2 was observed for mouse and not for
human cell lines, indicating a possible difference between the species in the autonomous
binding of the SIRPα domains.
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Figure 24. αGD2-SIRPα fusion antibodies binding to human and mouse neuroblastoma cell lines.
(A) Phenotype of human NBS cell lines SK-N-AS, IMR-32 and Shep2 measured by flow cytometry.
Shown are mean values from n=6-11 experiments ± SEM. (B) Binding of 100 nM αGD2(h), SIRPααGD2(h) and αGD2-SIRPα(h) antibodies to NBS cells was measured by flow cytometry. Shown are
mean values from n=9-10 experiments ± SEM. (C) Phenotype of mouse NBS cell lines Neuro2a,
94654D, 94654D-OVA and 94654D-GFP measured by flow cytometry. Shown are mean values from
4 experiments ± SEM. (D) Binding of 100 nM mouse antibodies to NBS cells measured by flow
cytometry. Dotted line indicates MFI ratio of 1.5 as cut-off for positive expression. Shown are mean
values of n=5 experiments ± SEM.

4.2.2.2. Unspecific binding to healthy cells
Healthy cells, such as RBCs, also express CD47 and the on-target off-cancer binding of αCD47
antibodies has been shown to induce severe anemia due to RBCs targeting (Table 9) [149, 150,
167]. Besides phagocytic clearance, αCD47 antibodies can also induce aggregation of RBCs,
known as hemagglutination. To analyze the unspecific targeting of CD47 by αGD2-SIRPα and
SIRPα-αGD2, hemagglutination of human and mouse RBCs was investigated. The SIRPααGD2 induced human RBC hemagglutination starting from 50 nM while the αGD2-SIRPα
antibody did not show any effect (Figure 25A). αCD47 antibody B6H12 demonstrated
hemagglutination at 5 nM concentration but on higher concentrations, the aggregation was not
observed. Similar data have been reporter by others [279, 280]. The mouse RBCs
hemagglutinated in the presence of SIRPα-αGD2 antibodies at 5 nM concentration whereas the
αGD2-SIRPα induced changes at 10-fold higher concentration (Figure 25B). Interestingly,
MIAP301 did not induce any hemagglutination unlike the human counterpart B6H12 (Figure
25B).
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Figure 25. Hemagglutination induced by αGD2-SIRPα antibodies. (A) human or (B) mouse RBCs.
Shown are 1 of 3 experiments with similar results.

A major goal of fusing the αGD2 antibodies with the low affinity CD47 blocking SIRPα is to
preferentially target GD2+ CD47+ NBS cells over GD2- CD47+ RBCs. Binding of the αGD2SIRPα and SIRPα-αGD2 antibodies to NBS target cells was thereby analyzed in the presence
of 20-fold excess of RBCs. αGD2, αGD2-SIRPα and SIRPα-αGD2 all preferentially bound to
human NBS cells (Figure 26A). Interestingly, SIRPα-αGD2 bound to human NBS cells slightly
more than αGD2 and αGD2-SIRPα. The high affinity αCD47 antibody (B6H12) on the other
hand primarily bound to human RBCs. In the mouse experiments, the majority of αGD2 and
αGD2-SIRPα preferentially targeted mouse NBS cells while, surprisingly, most of the SIRPααGD2 bound to mouse RBCs in a similar extent compared to the αCD47 antibody (MIAP301)
(Figure 26B).
The results of the hemagglutination and competitive binding assays demonstrate that the fusion
antibodies with mouse SIRPα bind more to mouse GD2- CD47+ cells than the respective human
molecules to human GD2- CD47+ cells. Nevertheless, the αGD2-SIRPα fusion antibody
showed favorable NBS targeting over SIRPα-αGD2 and αCD47 in both human and mouse
settings.
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Figure 26. Competitive binding of the αGD2-SIRPα antibodies to neuroblastoma and RBCs.
Binding of 100 nM antibodies was measured by flow cytometry in a mixture of either (A) human or (B)
mouse NBS cells and human or mouse RBCs at a 20-fold excess, respectively. Shown are results from
n=3 RBC donors for both human and mouse with mean ± SEM.

4.2.3. Functional characterization of αGD2-SIRPα fusion antibodies
4.2.3.1. αGD2-SIRPα-mediated CD47 blockade on neuroblastoma cells
To analyze the local blockade of CD47 on NBS cells, flow cytometry-based detection of
labeled αCD47 antibodies was used to determine unoccupied CD47 sites after αGD2-SIRPα
and SIRPα-αGD2 antibody incubation. αCD123 and 1×SIRPα-αCD123 were used as controls
in the human setting to determine the effect of SIRPα alone. Both control antibodies did not
induce any CD47 blockade (Figure 27A). The αGD2-SIRPα blocked majority of the CD47,
while the SIRPα-αGD2 was not as efficient and reached maximum of 50% of blockade only
on GD2high IMR-32 and Shep2 cells (Figure 27A). αGD2-SIRPα induced CD47 blockade was
highest on Shep2 cells which also have the most abundant levels of GD2. Although the effect
of αGD2-SIRPα was almost on a par with the αCD47 antibody B6H12, the maximum blockade
of CD47 was seen with the latter (Figure 27A).
αFITC-SIRPα and αhCD33-SIRPα isotype control fusion antibodies both blocked CD47
minimally similar to the αGD2-SIRPα induced CD47 blockade on GD2- Neuro2a cells (Figure
60

RESULTS

27B). The 9464D cells, which express very low levels of GD2, did not differ much from
Neuro2a and isotype control- SIRPα and αGD2-SIRPα demonstrated similar results (Figure
27B). A significantly higher CD47 blockade by αGD2-SIRPα was observed on the 9464DOVA and 9464D-GFP cells, which express high levels of GD2 (Figure 27B). Similar to human
cells, αGD2-SIRPα was superior to SIRPα-αGD2 in blocking CD47 on 9464D-OVA and
9464D-GFP cells. While αCD47 (MIAP301) never reached 100%, it was able to block CD47
on mouse NBS cell lines irrespective of GD2 expression levels (Figure 27B). All together,
these results indicate that the αGD2 moiety is needed to facilitate a specific disruption of the
CD47/SIRPα axis on GD2+ target cells.

Figure 27. Blockade of CD47 by αGD2-SIRPα antibodies. (A) Human NBS cells were incubated
with 100 nM antibodies and CD47 blockade was calculated based on B6H12 binding using flow
cytometry. Mean ± SEM of n=3 experiments are shown. (B) Mouse NBS cells were incubated with 100
nM antibodies and CD47 blockade was calculated based on MIAP301 binding using flow cytometry.
αhumanCD33(m), filled circles, and αFITC(m), empty circles, and the respective antibodies with SIRPα
fusions were used as control molecules. Mean ± SEM of n=5-8 experiments are shown.

4.2.3.2. CD47 blockade by human or mouse αCD47 antibodies
In the previous assay, αCD47 binding was used to evaluate the percentage of CD47 sites
occupied by SIRPα. Here the binding of either mouse or human SIRPα was analyzed after
incubation with the respective αCD47 (MIAP301 or B6H12). The monovalent binding
affinities of MIAP301 and B6H12 for mouse or human CD47, are similar (KD values 4 nM and
3.1 nM, respectively) [173, 281]. Human Raji and mouse Panc02 cells were used as they
exhibited a similar high CD47 expression and no GD2 expression in a flow cytometry-based
measurement (Figure 28A). The accessibility of CD47 after MIAP301 or B6H12 incubation
was evaluated by measuring the binding of SIRPα using SIRPα-αGD2 mouse or human
constructs. As both cell lines are GD2-, the binding of SIRPα-αGD2 is mediated only by SIRPα.
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Surprisingly, in the condition without αCD47 preincubation, a very high binding of mSIRPα
to Panc02 was observed in comparison to hSIRPα binding to Raji cells. These results confirm
the species-specific difference of SIRPα binding observed in binding, RBC competition and
hemagglutination experiments (Figure 28B). Furthermore, 50 nM MIAP301 could not block
mSIRPα binding while a 10-fold higher concentration of 500 nM could inhibit approximately
80% of the binding sites (Figure 28B). On the other hand, 50 nM of B6H12 was sufficient to
block all binding of hSIRPα.

Figure 28. Blockade of SIRPα binding by αCD47 antibodies. (A) Phenotype of Panc02 and Raji
cells. MFI ratio was calculated using the unstained control as reference. Panc02 n=3-4, Raji GD2
expression n=1 and CD47 expression n=2. (B) CD47 blockade was calculated based on SIRPα-αGD2
binding using flow cytometry. n=2-3.

4.2.3.3. Phagocytosis of human and mouse neuroblastoma cells by αGD2-SIRPα
As the SIRPα-αGD2 and especially the αGD2-SIRPα antibodies demonstrated a high blockade
of the inhibitory CD47, the activation of macrophages was analyzed by measuring
phagocytosis of NBS cells. ADCP assays with human cell lines were kindly performed and
data provided by Anja Wittner. The αGD2 antibody itself was already very potent in inducing
phagocytosis of human NBS cells by HD monocyte-derived macrophages (Figure 29A). A
slight, but not statistically significant, tendency towards increased phagocytosis of SK-N-AS
cells was observed with αGD2-SIRPα and SIRPα-αGD2 antibodies compared to αGD2 (Figure
27A). αGD2 stimulated the phagocytosis of IMR-32 to maximum and no further stimulation
could be observed with the αGD2-SIRPα and SIRPα-αGD2 antibodies (Figure 27A). The
phagocytosis of Shep2 cells, on the other hand, could be significantly boosted by αGD2-SIRPα
and SIRPα-αGD2 antibodies compared to αGD2. Interestingly, the SIRPα-αGD2 seemed to be
slightly better than αGD2-SIRPα, but this was not statistically significant. The SIRPα-isotype
molecule did not have an effect on IMR-32 or Shep2 cell phagocytosis. The αCD47 antibody
alone induced some phagocytosis and in combination with the αGD2 antibody a similar effect
as compare with the αGD2-SIRPα and SIRPα-αGD2 antibodies. These results confirm the
synergy between CD47 blockade and strong FcγR activation by the fusion antibodies.
Only 9464D-OVA and 9464D-GFP mouse cell lines were included in the ADCP assay based
on previous results. The αGD2 antibody efficiently boosted phagocytosis of both cell lines by
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BMDMs similar to the human setting (Figure 27B). αGD2-SIRPα induced maximum
phagocytosis and unlike in the human setting, the SIRPα-αGD2 was not better than αGD2. The
αCD47 did not stimulate phagocytosis of mouse cells and correspondingly the combination
with αGD2 was similar to αGD2 treatment alone.
Taken together, experiments performed in this thesis show that differences between the αGD2SIRPα and SIRPα-αGD2 antibody formats were smaller with human than with mouse cells.
This might come from the observed discrepancies of mouse and human SIRPα binding to their
respective targets in vitro. Overall, αGD2-SIRPα seems to perform better than the SIRPααGD2 antibody in both preferential cancer cell targeting and in ADCP assays using NBS target
cells.

Figure 29. Phagocytosis of neuroblastoma cells by αGD2-SIRPα antibodies. (A) Phagocytosis of
human NBS cells by HD macrophages at 50 nM antibody concentration (n=4-7, for αCD123 controls
n=1-2). (B) Phagocytosis of mouse NBS cells by BMDM at 50 nM antibody concentration (n=4).
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5. Discussion
5.1.

Rationale for the bifunctional SIRPα-antibody fusion molecules

The most advanced immunotherapeutic strategies to date enhance the immune response of T
cells. CTLA4 and PD1/PDL1 checkpoint inhibitors together with CD19-directed chimeric
antigen receptor (CAR) T cell therapies (Kymriah and Yescarta) have dramatically changed
the treatment options for many patients [84-86, 282, 283]. In spite of this huge step forward,
the issue of cancer treatment is not resolved in all cases. The inhibitory CD47 “don’t eat me”
signal is overexpressed on several malignancies, which has prompted the development of
therapeutic agents targeting the myeloid specific CD47/SIRPα checkpoint [73, 75, 76]. Indeed,
in combination with a pro-phagocytic signal, effective anticancer responses have been
observed upon CD47 blockade [158]. CD47 blockade with the αCD47 antibody magrolimab
has been clinically successful in combination with an anticancer antibody rituximab in NHL
patients or with calreticulin-inducing AZA in patients with AML and MDS [167, 206].
However, the ubiquitous expression of CD47 on healthy cells, such as RBCs, creates a socalled “antigen sink” for αCD47 therapies and causes severe anemia [149, 167, 274].
Moreover, unspecific targeting of CD47 can cause unexpected toxicities to healthy cells
besides RBCs, as CD47 has various roles in physiological tissue homeostasis [144, 284]. The
SIRPα-antibody fusion molecules targeting CD123 on AML LSCs or GD2 on human NBS
generated in this thesis aim to overcome the unspecific targeting of healthy cells and combine
CD47 blockade with a strong activating signal from human IgG1.

5.2. SIRPα-antibody fusion constructs target AML and NBS but spare
healthy cells
The KD values of αCD123 for CD123ex measured here (1.2-2.9 nM) were orders of magnitude
lower than the affinity of SIRPα for CD47 (500-1200 nM) [146, 148]. Similarly, a much lower
KD value of 50 nM has been reported for the αGD2 antibody [285]. This indicates that the
SIRPα-antibody fusion molecules are likely to target the cancer antigen primarily and the fused
SIRPα binds to CD47 subsequently. The 1×SIRPα-αCD123 antibody studied here
preferentially binds to AML cell line MOLM-13 in the presence of 20-fold excess of CD123CD47+ RBCs indicating an αCD123 directed binding. The 2×SIRPα-αCD123 antibody carries
an extra SIRPα domain on the LC and as a result, targets more RBCs than the fusion antibodies
with a single SIRPα. Nevertheless, the 2×SIRPα-αCD123 bound RBCs with low intensity.
Similarly, the human SIRPα-αGD2 and αGD2-SIRPα antibodies target human NBS cell lines
and not RBCs. These results agree with previous reports where similar constructs targeting
CD33 and CD20 avoid the CD47 sink generated by RBCs [176, 177].
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In contrast to the SIRPα-antibody fusion molecules, the majority of the high-affinity αCD47
antibody B6H12 targeted RBCs. These results agree with previous data from others and
indicate major on-target off-leukemia side effects for αCD47-based therapies [176, 177]. In
preclinical studies with αCD47 magrolimab, cynomolgus monkeys developed a dosedependent anemia [274]. This was suggested to be due to erythrophagocytosis and not
hemolysis as no free plasma hemoglobin was detected [274]. The increase in blood bilirubin
seen in human clinical trials nevertheless suggest that hemolysis is at least one of the causes
for anemia [206, 286]. A dosing strategy to mitigate anemia has been developed comprising of
a 1 mg/kg priming followed by a 30 mg/kg maintenance therapy [274]. Similar dosing has been
used later in clinical trials [167, 206, 286]. It has been proposed that the priming dose leads to
elimination of older RBCs that have accumulated pro-phagocytic signals accompanied with a
compensatory reticulocytosis generating younger RBC that do not express significant prophagocytic signals [158]. A phenomenon named CD47 pruning has been reported as well, upon
which RBCs exposed to the initial priming dose rapidly shed CD47 protein from the cell
surface [287]. This CD47 antigen loss was not detected on other healthy cells such as
leukocytes nor on AML blasts and the exact molecular mechanism for this process is still under
investigation [287]. Thus, on-target off-tumor toxicities beyond RBC targeting are still
plausible upon high-affinity αCD47 treatment due to the broad expression of CD47 in healthy
tissues. Even with the updated dosing regimen, anemia, along with neutropenia and
thrombocytopenia, are the most common severe on-target off-tumor side effect reported in
clinical trials with magrolimab as monotherapy or in combination with AZA or rituximab [163,
167, 206]. Using the low affinity SIRPα domain fused to the high affinity αCD123 or αGD2
targeting domain is therefore a compelling alternative to the priming/maintenance dose strategy
to mitigate RBC binding and other αCD47 treatment-related toxicities.

5.3. SIRPα-antibody fusion constructs enhance the elimination of cancer
cells
In addition to favorable tumor-targeting, bifunctional SIRPα-antibody molecules are able to
induce potent immune effector functions. The SIRPα-αCD123 antibodies enhanced the
phagocytosis of AML cell line MOLM-13 and primary AML cells by allogenic and autologous
macrophages. Likewise, the SIRPα-αGD2 and αGD2-SIRPα antibodies boosted the
engulfment of human NBS cell line Shep2 with high GD2 expression. These results agree with
other studies that demonstrate a potent synergy between CD47/SIRPα axis disruption and prophagocytic signal from the Fc domain of an antibody [75, 149, 158, 162, 167].
Although avidity-dependent binding of SIRPα-αCD123 antibodies increases the targeting of
MOLM-13 cells, ADCP does not only correlate with binding. This is indicated by the results
obtained with the αCD19-based SIRPα control molecules which bound to MOLM-13 less than
αCD123. These controls, however induced a similar ADCP as SIRPα-αCD123 antibodies when
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used in high concentrations. With high abundance of antibodies, the low affinity interactions
of αCD19-based SIRPα control molecules and CD47 on target cells are probably sufficient to
bind target cells and stimulate phagocytosis due to the additional pro-phagocytic signal from
the Fc region of the IgG1. Still, when using lower concentrations of antibodies, only the SIRPααCD123 induced ADCP of MOLM-13 cells. This demonstrates that binding of the αCD123
moiety to the target cells is needed for an efficient disruption of the CD47/SIRPα axis by the
fusion molecules.
Interestingly, when analyzing the phagocytosis of human NBS cell line IMR32, no additional
benefit compared to αGD2 was observed with the SIRPα-αGD2 or αGD2-SIRPα fusion
antibody. MOLM-13 cells express similar levels of CD47 as IMR32, but have at least 4.5 times
less target antigen CD123 compared to GD2 on IMR32 cells. αCD123 is most likely not
effective in activating macrophage-mediated phagocytosis of MOLM-13 cells alone due to the
low expression of CD123. High GD2 levels lead to an increased αGD2 binding, which might
provide enough positive pro-phagocytic signals to counteract the low numbers of the inhibitory
CD47. Therefore, the balance of “eat me” and “don’t eat me” signals regulates the fate of
macrophage-mediated engulfment of target cells. Other signaling pathways beside CD47 also
coordinate phagocytosis. For example, MHC class I molecules have been shown to negatively
regulate phagocytosis while calreticulin represents a pro-phagocytic signal [160, 288].
Furthermore, GD2 expression has been claimed as a inhibitory macrophage checkpoint and the
combination of αGD2 or αCD47 seems to have high level of synergy [289]. Data presented in
this thesis confirms these observations. No phagocytosis of GD2+ NBS cell lines was observed
with the non-targeting control antibody that contains the SIRPα domain even at high antibody
concentration of 50 nM. In the same conditions, the GD2- AML cell line MOLM-13 was
phagocytosed. The αGD2-SIRPα antibodies are thus especially relevant in NBS therapy as they
simultaneously address two of the inhibitory checkpoints regulating phagocytosis.
The SIRPα-αCD123 antibodies are developed based on the antigen binding sequence of
talacotuzumab, a Fc region modified αCD123 for enhanced ADCC, which has been previously
tested in clinical trials [273, 290]. This antibody exhibited limited efficacy alone and in
combination with decitabine in two of the phase 2 clinical trials probably due to the
compromised NK cell activity reported in AML and MDS [291-293]. Activating macrophagemediated immune response with αCD47 magrolimab and AZA, on the other hand, has shown
to be beneficial in both AML and MDS in a phase 1b clinical trial [155, 206]. The results
obtained in this thesis show that αCD123 alone is not sufficient to activate ADCP, which might
be needed for an efficient control of AML. The SIRPα-αCD123 fusion antibodies are more
potent than αCD123 as they initiate a strong ADCP response and also mediate NK celldependent ADCC. In NBS, the αGD2 dinutuximab, which is based on the 14.G2a binding
sequence similar to the SIRPα-αGD2 and αGD2-SIRPα antibodies, has been shown to activate
NK cells and granulocytes [252-254]. As demonstrated here, the SIRPα-αGD2 and αGD266
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SIRPα can enhance the recruitment of macrophages, which are abundant in NBS [255]. The
SIRPα-antibody fusion molecules are thus likely to activate a broader cancer-specific immune
response than either the cancer-specific antibody or CD47-blocking IgG4 antibodies and
increase the clinical efficacy of the antibody-mediated immunotherapy.

5.4.

SIRPα-αCD123 fusion antibodies specifically target LSCs

AML therapy failure and capacity for leukemic regeneration are dependent on the persistence
of LSCs [207]. The removal of LSCs is clearly fundamental in AML therapy. LSCs were first
described to be enriched in the CD34+/CD38− cell population, similar to normal HSCs based
on a functional engraftment assay [210]. Using more immunocompromised and thus more
permissive mouse models, such as NSG, it has later been demonstrated that cells with LSCs
activity can also reside within the CD34+/CD38+, CD34-/CD38+ or CD34-/CD38- cells [270,
294, 295]. The CD34+/CD38- population had nevertheless consistently the highest engraftment
potential [270, 294, 295]. Furthermore, only the CD34+/CD38− AML cells have high
prognostic impact [296-298]. Therefore, the CD34+/CD38− LSCs seem to have the highest
leukemogenic ability. Unlike the healthy HSCs CD34+/CD38− compartment, the LSCs
CD34+/CD38− cells express high levels of CD123 [221]. The CD34+/CD123+ cells are
competent to establish and maintain leukemia in vivo as opposed to the CD34-/CD123+/population indicating that all LSCs lay within the CD123+ cells [221].
The role of CD47 on LSCs was established by Jaiswal et al. and Majeti et al. They showed that
elevated expression of CD47 on LSCs leads to immune escape due to decreased clearance by
macrophages [73, 74]. In addition to their malignant counterparts, CD47 was found to be
transiently upregulated on mouse HSPCs [74] where it was associated with increased
mobilization from the bone marrow to distant sites [74]. As cancer cells might display signs of
cellular “damage” on their cell surface, CD47 upregulation could enable LSCs to have
additional protection against phagocytosis [74]. Indeed, CD47 blockade was shown to increase
the phagocytosis of AML cells and inhibit engraftment to NSG mice [73].
The high levels of CD123 and CD47 on LSCs makes the combined targeting of these markers
by the SIRPα-αCD123 fusion antibodies highly relevant. The expression of both CD47 and
CD123 is associated with the capability to recapitulate AML and patients with elevated levels
of these markers are more likely to experience poor outcomes [73, 223, 224]. High CD47 and
CD123 co-expression has also been shown to correlate with AML chemoresistance [299].
SIRPα-αCD123 antibodies demonstrate an increased targeting efficacy of CD123+/CD47+
MOLM-13 cells compared to αCD123, which might be due to slower dissociation of the
multivalent binder [300]. The 2×SIRPα-αCD123 antibody was highly effective in eliminating
the CD34+/CD38− population of AML PDX cells by ADCC. Moreover, ADCC with 2×SIRPααCD123 but not with the αCD123 antibody resulted in extreme reduction of AML LSCs with
in vivo engraftment potential. Therefore, the increased avidity of SIRPα-αCD123 antibodies
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provides the opportunity to preferentially address AML LSCs for an efficient LSC targeting
and elimination.

5.5.

GD2-SIRPα fusion antibodies developed for the mouse NBS model

To evaluate the systemic effects mediated by the αGD2-SIRPα fusion antibodies in vivo,
appropriate immunocompetent mouse NBS models are necessary. The targeted expression of
MYCN under the control of rat tyrosine hydroxylase promoter (TH-MYCN) in mice causes
NBS, which recapitulates several biological and histological aspects of the human disease [301304]. Amplification of the MYCN oncogene is found in approximately one third of all human
NBS and correlates with advanced stage and poor outcome of the disease [305, 306]. To
develop an autologous transplantable NBS model, a cell line named 9464D was established
from a spontaneously developed tumor arising in C57BL/6 TH‐MYCN mice [307]. While
human NBS are highly GD2 positive, mouse NBS cell lines in general do not express
significant amounts of GD2. Importantly, the established 9464D cells were GD2 positive [307].
NBL tumors arising in the 9464D based transplantable models were highly infiltrated by
myeloid cells including macrophages and MDSC similar to human NBL [307]. The expression
of GD2 and high infiltration of macrophages akin to the human disease makes this model ideal
for evaluating the bifunctional αGD2-SIRPα antibodies.
Besides the parental cell line, GFP and OVA expressing variants of 9464D have been
developed [265]. The in vitro characterization of the mouse and human NBS cells performed
in this thesis confirms the low expression of GD2 on mouse NBS cell lines compared to the
human ones. However, the GFP and OVA expressing variants of 9464D exhibited a slightly
higher GD2 expression than the original cell line. Correspondingly, in comparison to αGD2
treatment the αGD2-SIRPα antibody enhanced the phagocytosis in only these two cell lines
making them suitable candidates for future in vivo studies.
In comparison to human cell lines, mouse cell lines express high levels of CD47. This could
be one of the factors contributing to the high autonomous binding of SIRPα-αGD2 and αGD2SIRPα antibodies to mouse NBS cells. Still, the mouse fusion antibodies also exhibit a strong
binding to mouse RBCs while the respective human constructs do not bind human RBCs to
that extent. This is not due to higher expression of CD47 on mouse RBCs as it has been reported
that the levels are similar on RBCs from both species [308]. Furthermore, the monovalent
affinities of SIRPα and CD47 interaction do not differ much for the two species [146]. Our
results indicate a species-specific difference in SIRPα and CD47 interaction, which must be
depending on other factors. Indeed, variability in CD47 mobility, described as a lack of
cytoskeletal connectivity, has been reported for human and mouse. Only about 40% of the
CD47 molecules on human RBCs are mobile and can freely diffuse while the mouse CD47 is
100% mobile and can readily cluster [309, 310]. The enhanced mobility of mouse CD47 may
strengthen the effective avidity of pre-existing ligand-receptor binding as a result of increased
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clustering [308]. The higher binding of mouse SIRPα-αGD2 and αGD2-SIRPα to CD47
compared to the respective human molecules can thus be due to differences in the multivalent
association with SIRPα, which are more readily formed in the mouse RBCs. The disparity
between mouse and human SIRPα binding could make it harder to clearly evaluate on-target
off-tumor side effects of the bifunctional fusion antibodies based on syngeneic mouse studies.
This highlights the importance of thorough in vitro investigation of the human bifunctional
antibodies as animal studies may predict divergent reactions. The αGD2-SIRPα antibody
nevertheless showed lower unspecific RBC targeting and boosted phagocytosis of NBS cells
in both human and mouse settings. The mouse αGD2-SIRPα antibody is thereby proposed as a
promising candidate for in vivo studies to evaluate the systemic distribution of the molecules
in tumor bearing mice.
The effectiveness of CD47 blockade is well established and our results with the αGD2-SIRPα
antibodies in CD47high cells agree with this. Nevertheless, the benefit of the αCD47 antibody
MIAP301 was not confirmed in phagocytosis assays with mouse NBS cell lines. This might be
due to the fact that MIAP301 is not a good blocking antibody as even 500 nM concentration
was not sufficient to disrupt the binding of SIRPα. These results would argue against previous
reports where MIAP301 has been demonstrated to successfully induce phagocytosis in vitro
and control tumor growth in vivo [73, 78, 159, 311]. Some studies, however, observe that
MIAP301 did not boost phagocytosis alone or in combination with tumor specific antibodies
similar to the results described here [281, 312, 313]. Interestingly, the Fab2 domain of
MIAP301, and not the full antibody, enhanced ADCP in a dose-dependent manner in
combination with αCD19 [313]. MIAP301 is a rat IgG2a antibody and surprisingly, this isotype
binds only the low-affinity mouse FcγRIIb and FcγRIII with KD of 6.1 µM and 23 µM,
respectively [314]. It is therefore conceivable that an inhibitory signal is transmitted to the
BMDMs upon MIAP301 binding to FcγRIIb and the pro-phagocytic effects are diminished at
least in the experimental setting used here. Using the MIAP301 F(ab’)2 domains as controls
could help to assess this question in the future. An alternative hypothesis is suggested by
Sockolosky et al. by which the MIAP301 facilitates DC acquisition of MIAP301-opsonized
cancer cells in vivo rather than promotes macrophage phagocytosis [281]. As the αGD2-SIRPα
fusion molecules are potent activators of ADCP in vitro, future studies should elucidate their
role in stimulating both macrophage and DC-mediated NBS tumor control in vivo.

5.6.

Advantages and limitations of the SIRPα-antibody fusion molecules

It is difficult to find an ideal cancer antigen having an adequate immunogenicity but present
only on tumor cells [315]. The surface marker CD33 or sialic acid-binding Ig-like lectin 3
(Siglec-3), is the only clinically approved target in antibody-based therapeutic approaches for
AML. The antibody-drug conjugate gemtuzumab ozogamicin (GO, brand name Mylotarg) has
been approved for the treatment of newly diagnosed or relapsed/refractory AML by the FDA
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and European Medicines Agency (EMA) [316]. Unfortunately, only a subset of patients is
likely to benefit from the GO therapy [317, 318]. Based on the sequence of gemtuzumab, Ponce
and colleagues created the αCD33 antibody with SIRPα domain fused to the N-terminus of the
LC for the first preclinical evaluation of a local inhibition of CD47 checkpoint in AML [177].
CD33 is highly expressed on AML blasts, but it is also a myeloid lineage-specific surface
marker well known to be present on myeloid progenitor cells as well as on macrophages [226].
This could have implications in ADCP as the effector cells could be targeted via the αCD33
antibody. Indeed, the CD33 expression on HD and AML patient-derived macrophages
analyzed here was similar to the expression on primary AML target cells. Moreover, CD33 on
LSCs has been associated with variability [227, 319]. The expression of CD33 was shown to
be significantly lower on LSC compared to bulk cells while HD-derived hematopoietic
stem/progenitor cells (HSC/HSPC) were positive for CD33 [226]. This emphasizes the
difficulties in specifically targeting LSCs with αCD33 constructs.
CD123 is also not exclusively expressed on AML blasts and LSCs but is in addition present on
heathy plasmacytoid dendritic cells, basophils and in low levels on monocytes [226, 320]. Here,
CD123 expression was not detected on either HD or AML patient-derived macrophages and
SIRPα-αCD123 antibodies could spare the effector cells from unspecific targeting.
Importantly, high CD123 levels are specific for LSCs and not HSCs/HSPCs. While one
publication shows low expression of CD123 on HSCs/HSPCs [226] others report nearly nondetectable levels [221, 321, 322]. Haubner et al. claim that CD123 is highly expressed on
normal non-hematopoietic tissues based on public protein expression data repositories [226,
322]. Data on these atlases were obtained by antibody-based immunohistochemistry or protein
mass spectrometry. The expression was annotated to be associated with membrane based on
Human Protein Atlas database (HPA) or the Jensen Lab's Compartments repository (JLCR)
[322]. CD123 has been annotated to be expressed on the membrane by the JLCR but no
localization is reported in the HPA [323, 324]. Interestingly, ubiquitous cytoplasmic expression
of CD123 was detected in healthy tissues with antibodies used in the HPA whereas the antibody
staining was reported not to be consistent with RNA expression data [323]. If the high
expression of CD123 was derived from the intracellular staining results, but annotated as
membrane expression based on JLCR, it might lead to an overestimation of the surface
expression of CD123 on healthy cells. The expression of CD123 on normal non-hematopoietic
tissues should thus be reevaluated using validated antibodies.
Several CD123 targeted therapies have reached clinical trials and side effects observed do not
confirm the universal expression of the target antigen. CSL360 is a 7G3-derived chimeric
human IgG1 antibody which was well tolerated with mild infusion reactions [325].
Tagraxofusp is the first CD123 targeting agent approved in clinics with the most notable
toxicity being capillary leak syndrome (CLS) [326, 327]. This has been noted with other
bacterial toxin targeted-therapies but could be also associated with the CD123-targeting aspect
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due to reported endothelial cell expression [326, 328]. In the study with flotetuzumab, infusionrelated reactions and cytokine release syndrome were reported and both are known to be
associated with T-cell engagers [232]. Overall, targeting CD123 per se might not be related to
serious side effects, but nevertheless, the safety and efficacy of SIRPα-αCD123 molecules
should be evaluated in regards to the expression of CD123 on healthy tissues.
GD2 is expressed on healthy tissue such as peripheral nerves and brain parenchyma in low
amounts [329, 330]. As a result, therapeutic antibodies targeting GD2 have been reported to
cause acute neuropathic infusion pain syndrome and infrequently, central neurotoxicity [240,
241, 331]. Novel formats are in development to reduce these side effects [332]. It remains to
be investigated whether αGD2-SIRPα fusion antibodies would affect the severity of these side
effects.
As described above, the bifunctional SIRPα-antibody fusion molecules developed in this thesis
provide an improvement over αCD47 therapeutics regarding the on-target off-tumor profile. A
SIRPα-Fc fusion protein TTI-621 without a specific cancer-targeting moiety has also been
developed [174]. This molecule binds minimally to human erythrocytes and does not induce
any hemagglutination [174]. In clinical trials, however, TTI-621 induced severe
thrombocytopenia in 20% of the patients, which is higher than reported in trials with the αCD47
magrolimab [167, 206, 333]. TTI-621 carries the activating Fc domain from human IgG1
isotype, which might be the reason for these side effects. A clinical trial with the TTI-622,
which carries the less active Fc region from the hIgG4 isotype, reported approximately five
times lower incidence of severe thrombocytopenia [175, 334]. As the SIRPα-antibody fusion
molecules are based on the activating IgG1 isotype, platelet binding of the constructs should
be tested. The data provided in this thesis indicates that the SIRPα-antibody fusion molecules
might, however, improve the anticancer response over the SIRPα-Fc due to the specific
targeting of cancer cells via the high affinity antibody domain.
In this thesis, three different formats of SIRPα-antibody molecules were evaluated with either
GD2 or CD123 as target antigen. The SIRPα-αCD123 antibodies differed in regards to the
autonomous targeting by the SIRPα domains. The 2×SIRPα-αCD123 indicated weak RBC
binding and showed unspecific lysis of target antigen negative cells on higher concentrations
in comparison to the 1×SIRPα-αCD123. On the other hand, 2×SIRPα-αCD123 was more
effective in targeting the CD34+/CD38− LSCs. To further analyze the safety and efficacy of the
molecules and to determine whether the 1×- or 2×SIRPα-αCD123 fusion format would be
favorable, competitive ADCC experiments with patient-derived AML and healthy cells would
be beneficial. Using this material with representative CD123 and CD47 expression would give
a clearer picture of healthy tissue targeting by the 2×SIRPα format.
The GD2 targeting antibodies with N-terminal (SIRPα-αGD2) fusion of SIRPα differed
substantially in terms of RBC binding from the C-terminal (αGD2-SIRPα) fusion molecule.
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This was especially prominent in the mouse antibodies and combined with the data from
phagocytosis assay, αGD2-SIRPα was determined as the preferred candidate for future in vivo
evaluation. The N-terminal fusion format of the SIRPα-antibody caused some
hemagglutination of human RBCs, albeit at a 50-fold higher concentration than reported for
magrolimab [174], and thus the C-terminal fusion format could have a better safety profile
overall.

5.7.

Future perspectives

Both GD2 and CD123 are validated cancer antigens with numerous therapeutic agents in clinics
or being tested in clinical trials [240, 241, 335]. In addition to AML, CD123 has been shown
to be overexpressed on a number of other myeloid and lymphoid malignancies, such as MDS,
BPDCN, chronic myeloid leukemia, B-cell acute lymphoblastic leukemia, hairy cell leukemia
and Hodgkin’s lymphoma [336-340]. For MDS and CML, CD123 overexpression is observed
in leukemic stem and progenitor cells [336, 339]. Targeting CD123 in combination with CD47
represents therefore an attractive therapeutic target for these hematological malignancies in
addition to AML. GD2 expression is as well found in a subset of melanoma, sarcoma and breast
tumors in addition to NBS indicating a possibility to broaden the application of the αGD2SIRPα fusion molecules in the future [341-343].
Blockade of the CD47/SIRPα interaction does not only promote the direct cancer cell
elimination by macrophages, but can further stimulate the adaptive immune response. Either
macrophages or dendritic cells have been shown to participate in the antigen presentation upon
disruption of the CD47/SIRPα interaction [78, 137, 344, 345]. However, CD47 ligand SIRPγ
is expressed on human but not on mouse T cells [346]. SIRPγ regulates cell-cell adhesion, T
cell transendothelial migration and cell costimulation with DCs [347, 348]. Targeting CD47
with a mAB has been shown to reduce human T cell activation, proliferation, and
transmigration across the human endothelium [172]. Investigating the effect of SIRPα-antibody
fusion molecules to human dendritic cells and T cells would be of high interest as the CD47
interaction with SIRPγ would be unaffected and could therefore allow for a potent cancer
specific activation of both innate and adaptive immunity.
As the CD47/SIRPα axis blockade contributes to T cell activation, it is not surprising that
synergy with T cell immune checkpoint blockade such as αPDL1 has been observed [172, 281,
349, 350]. In humans, however, 56% ovarian cancer patients reached a stable disease as best
outcome in a phase 1b study where αPDL1 antibody avelumab and αCD47 antibody
magrolimab were combined [165]. Whether this combinatorial treatment would be effective
when using a tumor-specific CD47/SIRPα blockade, which would not impair the function of T
cells in a way that αCD47 has been shown, remains to be investigated. Experiments with a
molecule consisting of human Fc, mouse SIRPα and an αPDL1 single chain variable fragment
(scFv) have demonstrated a synergy when addressing the CD47 and PD1 checkpoints together
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in mouse models, but indicated that an additional pro-phagocytic signal is needed for a more
effective therapy [351]. Further development of the SIRPα-antibodies could include the fusion
of a PDL1 checkpoint blocking domain, such as the PD1 extracellular domain, for the local
blockade of the two checkpoints [129]. Combining the CD47/SIRPα axis blockade with an
APC costimulation through receptors of the tumor necrosis factor receptor (TNFR) family like
CD40 and 41BB represent another putative way to boost the antitumor response [172, 352].
Collectively, this work provides evidence that SIRPα-αCD123 antibodies are potent in AML
LSCs targeting while sparing healthy cells such as RBSs. The αGD2-SIRPα antibody was
similarly effective in targeting of NBS and enhanced ADCP in both human and mouse models.
The SIRPα-antibody fusion molecules with a specific and local blockade of CD47 provide
many exciting opportunities for research. Future studies evaluating the efficacy of these
molecules on different tumors alone or in combination with other immune modulators will
hopefully elucidate the therapeutic potential of SIRPα-antibodies in the treatment of cancer
patients.
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7. List of Abbreviations
ADCC - antibody dependent cellular cytotoxicity
ADCP - antibody dependent cellular phagocytosis
AM - acetoxymethyl
AML - acute myeloid leukemia
ANOVA - analysis of variance
APC - allophycocyanin
APC - antigen presenting cell
ATCC - American Type Culture Collection
AZA – azacitidine
BLI - bioluminescence imaging
BMDM - bone marrow-derived macrophage
BPDCN - blastic plasmacytoid dendritic cell neoplasm
CAR - chimeric antigen receptor
C - constant
CD - cluster of differentiation
cDNA - complementary DNA
CDRs - complementarity-determining regions
cGAS - cyclic GMP-AMP synthase
CHO - Chinese hamster ovary
CLS - capillary leak syndrome
CMV - cytomegalovirus
CR - complete response
Ct - concentration
CTL - cytotoxic T lymphocytes
CTLA4 - CTL associated protein 4
d - day
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D - dilution
d. i. n. - died in narcosis
DART - dual-affinity re-targeting
DC - dendritic cells
DMEM - Dulbecco's Modified Eagle Medium
DMSO - dimethyl sulfoxide
DNMT3A - DNA methyltransferase 3A
DPBS - Dulbecco’s PBS
DSMZ - Deutsche Sammlung von Mikroorganismen und Zellkulturen
e. s. l. - end stage leukemia
EC50 - 50% effective concentration
EDTA - ethylenediaminetetraacetic acid
ELDA - extreme limiting dilution analysis
ELN - European LeukemiaNet
EMA - European Medicines Agency
ex. - excluded from analysis
F – female
F - fluorochrome
Fab – fragment antigen-binding
FACS - fluorescence-activated cell sorting
FBS - fetal bovine serum
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FcnR - neonatal Fc receptor
FcγRs - Fc gamma receptors
FDA - Food and Drug Administration
FITC - fluorescein isothiocyanate
FLT3 - FMS-like tyrosine kinase 3
95

LIST OF ABBREVIATIONS

GFP - green fluorescent protein
GM-CSF - granulocyte-macrophage colony stimulating factor
H - heavy
HC – heavy chain
HD - healthy donor
HMA - hypomethylating agent
HPA - Human Protein Atlas
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IFNγ - interferon-gamma
Ig - immunoglobulin
IL2 - interleukin-2
IL3Rα - interleukin-3 receptor alpha chain
ITAM - immunoreceptor tyrosine-based activation motif
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MFI - median fluorescence intensity
MHC - major histocompatibility complex
MICA/B - MHC class I chain-related protein A and B
Mut - mutated
n. a. - not available
n. d. - not determined
nanoDSF - nano differential scanning fluorimetry
NBS - neuroblastoma
NEAA - non-essential amino acids
NHL - non-Hodgkin lymphoma
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NK - natural killer
NOD - non-obese diabetic
NPM1 - nucleophosmin 1
NSG - NOD scid gamma
ON - overnight
OR - objective response
ORR - overall response rate
OS - overall survival
97

LIST OF ABBREVIATIONS
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PBMC - peripheral blood mononuclear cell
PBS - phosphate buffered saline
PCR - polymerase chain reaction
PD1 - programmed cell death protein 1
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R - reactivity
RBC - red blood cell
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Rpm - revolutions per minute
RPMI - Roswell Park Memorial Institute
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RU - response units
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