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1 Introductory summary

1. Introductory summary

1.1 Immunotherapy has revolutionized cancer treatment

Cancer is emerging as a leading global cause of mortality, with approximately 18 million new cases
diagnosed annually, resulting in nearly 10 million deaths 2. Despite advancements in cancer
prevention and early diagnosis, both incidence and mortality rates continue to rise. For a long time,
cancer treatment was based on three pillars: surgery, radiotherapy, and chemotherapy, with limited
durable responses, particularly for patients with advanced diseases. However, in the last 30 years,
cancer immunotherapy has remarkably improved patients’ survival and quality of life. It is now firmly
established as the fourth pillar of cancer treatment in various entities 3.

Cellular aberrations develop continuously through several mechanisms, including infections, DNA and
cellular damage, and aging. Internal control mechanisms or immune surveillance usually destroy and
eliminate these mutated cells. The immune system comprises the innate and adaptive arms. The innate
immune system is characterized by a rapid, non-specific response of myeloid and lymphoid cells, such
as macrophages and natural killer (NK) cells, while the adaptive immune system induces an antigen-
specific response of lymphocytes. Upon antigen exposure, T cells and B cells proliferate, differentiate
for effector functions, and ensure long-term memory in a tightly regulated homeostatic balance *°.
Normally, endogenous immune responses alone are highly efficient in recognizing and destroying
infected and mutated cells. However, cancerous cells develop various mechanisms to escape the
immune system’s surveillance, such as antigen loss or downregulation of the major histocompatibility
complex (MHC) | and Il pathways and inhibitory receptor expression, like programmed cell death
protein 1 (PD-1) ligand (PD-L1), for promoting anergy and tolerance. Furthermore, a dysfunctional
immune system and immunosuppressive tumor microenvironment (TME), including regulatory T cells
(Tregs), “M2”-like polarized macrophages, and myeloid-derived suppressor cells (MDSCs), support
tumor development, progression, and recurrence ®7.

Hence, immunotherapies aim to counteract these mechanisms by modifying and activating immune
cells to eliminate tumor cells, boosting the endogenous immune response, and establishing long-term,
cancer-specificimmunity 8. The goal is the sustained clearance of residual cancer cells to prevent tumor
relapse. Cancer immunotherapy generally involves several strategies leveraging distinct mechanisms
to enhance anti-tumor immunity. These include monoclonal antibodies (mAbs), checkpoint inhibition,
immunomodulators, adoptive cell transfer (ACT), oncolytic viruses, and vaccination (Figure 1) #°.
Conventional or modified mAbs represented a milestone in cancer treatment, as they enhance tumor-
specific targeting and induce immune-mediated tumor elimination . Furthermore, antibody-based
immune checkpoint inhibition led to a new wave in cancer immunotherapy by restoring the
endogenous immune-cell activity against cancer cells. Small molecules are also currently investigated
as checkpoint inhibitors overcoming antibody-based limitations, such as suboptimal tumor
penetration and potential immunogenicity 1'%, These antibody-based strategies will be discussed in
the following chapters. Other concepts, such as ACT, include the reinfusion of ex vivo expanded tumor-
infiltrating lymphocytes (TILs) 13, genetically engineered tumor-reactive transgenic T-cell receptor T
cells (TCR-T) ¥, and chimeric antigen receptor (CAR) T cells 1* into patients. Inmunomodulators, such
as cytokines ¢, and small molecules, such as toll-like receptor agonists ¥/, stimulate immune responses
to enhance tumor recognition. In addition, either naturally occurring or genetically modified, oncolytic
viruses infect and lyse tumor cells while stimulating an anti-tumor immune response 2. Lastly, cancer
vaccines, for instance, administered as peptide cocktails or peptide-pulsed dendritic cells (DCs), prime
the immune system to recognize tumor antigens and promote long-term immune surveillance %%,
Overall, these immunotherapy strategies have remarkably improved cancer treatment, offering
effective and durable responses and new therapeutic possibilities. However, only a subset of patients
benefit from immunotherapy, and immune evasion mechanisms, primary and acquired resistance, and
immune-related adverse events (irAEs) are critical limitations >2!. Therefore, novel strategies are
urgently needed.
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Figure 1 Strategies of cancer immunotherapy 8°. Different immunotherapeutic approaches are currently used and further
evaluated for cancer treatment. These include tumor targeting by monospecific and bispecific mAbs, blockade of immune
checkpoints by mAbs or drugs, adoptive cell transfer (ACT) of engineered CAR-T cells or ex vivo expanded TILs, vaccination by
administration of tumor-specific peptides or pulsed DCs, immunomodulators to activate immune cells or the TME, and
oncolytic viruses to infect and lyse cancer cells. This scheme was created with BioRender.com.

1.2 Antibody-based immunotherapy enables a broad therapeutic window

Immunotherapeutic mAbs can target cancer cells specifically and with high affinity to induce tumor-
restricted endogenous immune reactions, a major benefit to conventional treatments, such as
chemotherapy and radiation therapy.

1.2.1 Monoclonal antibodies have evolved from research tools to powerful therapeutics

Key technologies have enabled the therapeutic use of antibodies. One milestone was the development
of the hybridoma technique by Kéhler and Milstein in 1975, which facilitated the robust and efficient
production of highly specific mouse mAbs against human antigens ?2. However, mouse mAbs can be
cleared due to a human anti-mouse immune response after infusion 2. Subsequently, grafting human
antibody constant regions onto mouse antibody variable regions led to the creation of chimeric
antibodies with improved therapeutic efficacy and reduced side effects. In 1997, the U.S. Food and
Drug Administration (FDA) approved rituximab, the first chimeric therapeutic anti-CD20 mAb, which
led to remarkable results and is now the standard of care for treating patients with B-cell
lymphomas . To further minimize antibody-based immune responses, the human content of mouse
mAbs was increased through "humanization", a process that involves grafting the mouse antibody's
complementarity-determining regions (CDRs) onto a human antibody framework. Trastuzumab was
one of the first humanized mAbs directed against human epidermal growth factor receptor 2 (HER2) 2,
followed by several others, including pembrolizumab and atezolizumab targeting PD-1 and PD-L1,
respectively. In the 1990s, advancements such as transgenic mouse models 2 and phage display
systems 2’ enabled the generation of fully human antibodies for targeting cancer. These innovations
have driven a rapid expansion of antibody-based therapeutics over the past 25 years, resulting in more
than fifty FDA- and European Medicines Agency (EMA)-approvals for treating hematologic and solid
tumors today 2.
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However, an obstacle to mAb targeting is the risk of irAEs, including anaphylaxis, autoimmunity, and
cytokine release syndrome 2°, which was most prominently detected by the dramatic and life-
threatening cytokine storm seen after infusing TGN1412, an anti-CD28 mAb *°.

1.2.2 A variety of antibody formats have been developed

Antibodies are characterized by a symmetric Y-shaped structure consisting of two identical light and
heavy chains connected by disulfide bonds. Both comprise a variable (V. and V) and a constant (C. and
Cu) domain (Figure 2a). The variable region mediates antigen binding, whereas the constant domain
enables the effector function. The antibody can be split into two identical antigen-binding fragments
(Fab) and a fragment crystallizable (Fc) domain 3!

Natural antibody formats consist of full-length immunoglobulins (Igs) that bind monospecifically to one
target antigen. They are bivalent due to one binding site (paratope) per Fab arm. Igs exist in five distinct
isotype forms: IgA, IgD, IgE, IgG, and IgM. For immunotherapy, the IgG isotype is commonly used due
to its long half-life (approximately 21 days), tissue penetration capability, and optimal interaction with
activating Fcy receptors (FcyRs) while diminishing binding to inhibitory FcyRs. 1gG antibodies are
divided into four subclasses (IgG1, 1gG2, I1gG3, and 1gG4), with most therapeutic antibodies focusing on
the I1gG1 subclass to mediate effector functions 3. Modifications of the Fc domain, such as
glycosylation and key residue amino acid substitution, can increase effector binding and activation 33
but also induce Fc-silencing to reduce immune reactions *. In addition, the selection of IgG2 or 1gG4
isotypes can initiate weakened Fc activation due to reduced binding to FcyRs **

Based on their structure and function, therapeutic antibody formats can be categorized into
monospecific, bispecific, multispecific, fusion, and payload-conjugated mAbs (Figure 2).

a b
monospecific bispecific multispecific fusion & conjugation
ap %
KiH/DuoBody KA body 19G-(scFV), "2+1" trispecific Tri-(Tetra-)Mab LicMAb
. BiTE diabody DART TriTAC TriKE CiTE
S
1 W v e
Bloeny & .
Heavy chain  sdAb SIRPa ECD IL-15 %@g
eedomeN vt 3 1
Light chain scFv PD-1ECD toxin | tandem diabody F(ab’)2 Triabody Tetrabody ADC
J

Figure 2 Monoclonal antibodies are developed in various formats 313637, (a) The structure of a monospecific naturally
occurring antibody and fragment-based monospecific constructs. Representative examples of artificially engineered bispecific
(b) and multispecific (c), and fusion and conjugation (d) mAb constructs based on IgG (upper row) and fragments (middle and
lower rows). V| and Vy: variable light and heavy domain; C, and Cy: constant light and heavy domain; Fab: antigen-binding
fragments; Fc: fragment crystallizable; sdAb: single-domain antibody; scFv: single-chain variable fragment; KiH: Knob-into-
hole; IgG: immunoglobulin G; LicMADb: local inhibitory checkpoint monoclonal antibody; BiTE: bispecific T-cell engager; TriTAC:
trispecific T-cell activating construct; DART: dual-affinity retargeting; TriKE: trispecific killer engager; CiTE: checkpoint
inhibitory T-cell engager; ADC: antibody-drug conjugate; SIRPa: signal regulatory protein a; ECD: extracellular domain. This
scheme was created with BioRender.com.

Monospecific IgG antibodies include conventional IgG mAbs and non-IgG fragment-based antibodies,
such as engineered single-chain variable fragments (scFv), generated by directly linked V. and Vy
chains 38 and Fab subunits  (Figure 2a).
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Bispecific antibodies (bsAbs) include the IgG-based formats that can be engineered by
heterodimerization of the heavy or light chains, such as knob-into-hole (KiH) *° and DuoBody *, or kA
body *?, respectively, and the homodimeric IgG-scFv*%. In addition, fragment-based bsAbs are
developed, for instance, tandem scFv bsAbs, such as bispecific T-cell engager (BIiTE) %, (tandem)
diabody #°, dual-affinity retargeting (DART)*®, and F(ab’)2 constructs %’ (Figure 2b). Particularly,
blinatumomab, the first-in-class CD19xCD3 BiTE, shows remarkable success in patients with
relapsed/refractory (r/r), precursor B cell acute lymphoid leukemia %4,

Multispecific constructs are specific to more than two targets, such as the “2+1” trispecific ¢, tri- or
tetraMab 1gG formats *°°°, fragment-based trispecific T-cell activating construct (TriTAC)°!, cross-
linking interleukin (IL)-15 TriKE (trispecific killer engager) >, Triabody, and Tetrabody molecules >3
(Figure 2c).

Furthermore, there are plenty of fusion constructs that can enhance the antibodies’ specificity. For
instance, the signal regulatory protein o (SIRPa) extracellular domain (ECD) can be fused to a full-
length IgG mAb, generating a so-called LicMAb (Publication I: Reischer* & Leutbecher* et al.), or the
PD-1 ECD can be fused to a BiTE format, generating a so-called CiTE (checkpoint inhibitory T-cell-
engager) **. Moreover, antibody-drug conjugates (ADC) are developed by conjugating a toxin to 1gG-
and fragment-based mAbs >>° (Figure 2d).

In general, conventional IgG-based mAbs have longer half-lives due to neonatal Fc receptor (FcRn)-
mediated recycling, higher solubility, and thermostability than fragment-based antibodies. However,
these are beneficial for large-scale production in microbial systems and enhanced tissue penetration *’.

1.2.3 Antibody-based immunotherapy can mediate several modes of action

Most mAbs target tumor-associated antigens (TAAs) and induce cancer cell killing through several
mechanisms, including innate immune cell activation, drug delivery, and bispecific immune cell
engagement, particularly involving T cells. They can also block inhibitory immune checkpoints and pro-
tumoral signaling pathways regarding survival, proliferation, and angiogenesis °® (Figure 3). Of note,
mAbs can combine more than one strategy per molecule.

One major mode of action is the Fc-dependent activation of innate immune cells. Particularly, IgG1 has
a strong affinity to the activating FcyRI (CD64), FcyRlla (CD32a), FcyRllla (CD16a), and FcyRlllb (CD16b),
expressed by NK cells, macrophages, and neutrophils *2. Binding to FcyR induces activating signal
cascades, which mediate antibody-dependent cellular cytotoxicity (ADCC) and antibody-dependent
cellular phagocytosis (ADCP). Moreover, the C1 complex binds opsonized tumor cells and initiates the
complement cascade, inducing complement-dependent cytotoxicity (CDC) 2.

In contrast to directly targeting tumor cells, immune checkpoint-blocking mAbs bind regulatory
receptors or their ligands to disrupt inhibitory signaling cascades. T-cell responses are mostly regulated
by immune checkpoints, such as PD-1 and cytotoxic T-lymphocyte antigen 4 (CTLA-4). Their expression
is induced after T-cell stimulation to limit further T-cell activation by interacting with their respective
ligands *°. More precisely, CTLA-4 competes with the co-stimulatory receptor CD28 for binding to B7-
1 (CD80) and B7-2 (CD86) expressed on antigen-presenting cells (APCs), predominantly DCs ¢°. PD-1
binds to its ligands PD-L1 and PD-L2, expressed on several cells, like APCs, and particularly tumor
cells %, resulting in an inhibitory signal suppressing T-cell activation and proliferation ®¥%2, In that
regard, checkpoint blockade provides a powerful therapeutic option leading to enhanced T-cell
activation by lowering the activation threshold %, reinvigorating exhausted T cells®*, and recruiting
new T-cells into tumors ®. Blocking the innate CD47-SIRPa. axis, predominantly present between
tumor cells and macrophages, inhibits the anti-phagocytic signal in phagocytes and thus triggers
ADCP ¢,

Additionally, due to their specificity and high affinity, mAbs can be used for targeted drug delivery of
agents, such as immunotoxins and radiopharmaceuticals. The binding and internalization of ADCs lead
to toxin accumulation in the cytoplasm, such as immunotoxins derived from bacteria or plant proteins,
which promote cellular apoptosis and death by harming DNA or microtubules >,
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An important mechanism is the direct blockade of pro-tumoral signals, including survival, proliferation,
and angiogenesis. Targeting epidermal growth factor family receptors, such as HER2 and epidermal
growth factor receptor (EGFR) expressed in solid tumors, blocks receptor dimerization, resulting in cell
cycle arrest and apoptosis 8. Targeting CD52 was shown to induce caspase-independent cell death in
leukemia ®’. Binding to vascular endothelial growth factor (VEGF) ligands and receptors impedes their
interaction, disrupting the tumor blood supply .

Bispecific or bifunctional mAbs target two distinct antigens or epitopes. Depending on the structure or
format of the bsAb and the addressed target, they can engage multiple mechanisms. For instance,
immune cells, particularly T cells, can be recruited to tumors. Various signaling pathways, such as
tumor-restricted checkpoint blockade and co-stimulation, can be addressed. Additionally, target
specificity can be enhanced ®. These targeting and activation strategies can be amplified using
multispecific and multifunctional antibodies 7°.
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Figure 3 Mode of action of antibody-based immunotherapy 5866, Monoclonal antibodies can induce activation of innate
immune cells by interaction of the mAb’s fragment crystallizable (Fc) domain with the Fc receptor (FcR) on FcR-expressing
innate cells, such as NK cells and macrophages, thereby inducing antibody-dependent cellular cytotoxicity (ADCC) and
phagocytosis (ADCP), respectively. The complement C1 complex can bind opsonizing mAbs, initiating complement-dependent
cytotoxicity (CDC). Another mode of action is the blockade of inhibitory immune checkpoints. Thus, the innate CD47-SIRPa
axis involving phagocytic cells, such as macrophages, and the adaptive PD-1/PD-L1 axis involving T cells and tumor cells, as
well as the CTLA-4-CD80/CD86 axis, involving T cells and DCs, can be blocked. Moreover, mAbs conjugated with immunotoxins
(ADCs) or radio-ligands can mediate cancer cell death by internalizing cytotoxic agents and tumor-directed radioactive
emissions, inducing DNA and microtubule damage. The blockade of pro-tumoral signaling pathways regarding survival,
proliferation, and angiogenesis represents an additional approach. Bispecific engagement of immune cells comprises various
mechanisms, such as tumor-directed target-cell recruitment, activation, and inhibition. For simplicity, a schematic IgG1 mAb
is shown here. This scheme was created with BioRender.com.
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1.2.4 Tumor-associated antigens are favorable targets

The ideal target antigens of antibodies are tumor-specific cell-surface proteins, which are
overexpressed on malignant cells and absent in healthy cells ’*. Rituximab was the first FDA-approved
mADb, followed by several FDA-and EMA-approved mAbs targeting TAAs, including HER2 and EGFR for
treating solid tumors and CD19 and CD52 for hematologic cancers. In addition, various novel TAA-
targeting mAbs are developed and clinically evaluated 2.

1.2.4.1 Mesothelin is a promising solid tumor antigen

Mesothelin (MSLN) was initially described as the target of the mAb K1 in ovarian cancer 2. However,
it is expressed as a 71 kDa glycosylphosphatidylinositol (GPl)-anchored cell surface precursor protein.
Itis cleaved enzymatically into soluble 31 kDa megakaryocyte potentiating factor (MPF) and the 40 kDa
membrane-bound form of MSLN, which is restrictedly expressed on mesothelial cells of the pleura,
peritoneum, and pericardium 3. We and others show a high expression in several malignancies,
particularly mesothelioma, epithelial ovarian cancer (EOC), and pancreatic ductal adenocarcinoma
(PDAC) ’* (Publication I: Reischer* & Leutbecher* et al.). The physiological function of MSLN remains
unknown, as MSLN-deficient mice show a normal phenotype ”°. Nevertheless, the interaction of MSLN
with cancer antigen 125 (CA-125) is involved in tumor progression and metastasis development 6.
Thus, the restricted expression in normal tissues but high expression in solid cancers, supported by the
beneficial blockade of the MSLN-CA-125 axis, highlights MSLN as a promising target for cancer
therapies.

Various MSLN-targeting immunotherapeutic approaches, including mAbs 77, ADCs ’8, and CAR T-cell
therapies 7%, have been evaluated in clinical trials. For instance, amatuximab, an aMSLN mAb, has been
well-tolerated in MSLN* tumor patients ”’. In a phase Il trial enrolling mesothelioma patients, the
combination with pemetrexed and cisplatin chemotherapy was well tolerated, led to 90% disease
control, and improved the median overall survival (OS) of 14.8 months compared favorably with 13.3
months in historical controls ®. The ADC anetumab ravtansine, an aMSLN mAb conjugated to the
maytansinoid tubulin inhibitor DM4, is currently evaluated as monotherapy in patients with advanced
MSLN* solid tumors . Its combination with doxorubicin chemotherapy is particularly beneficial in a
phase Ib study enrolling platinum-resistant EOC patients 2.

Notably, MSLN can serve as a biomarker in various cancer entities ®, as high concentrations of soluble
MSLN have been found in the serum of patients # (Publication I: Reischer* & Leutbecher* et al.). To
maintain the therapeutic window even in the presence of shed MSLN, several approaches were
developed, including bispecific or multifunctional antibodies % (Publication I: Reischer* &
Leutbecher* et al.) or membrane-proximal MSLN-targeting bsAbs # and CAR-T cells ’.

1.2.4.2 CD123 is a therapeutically relevant hematologic tumor antigen

CD123, also known as the IL-3 receptor (IL-3R) a chain, binds IL-3 specifically with low affinity and
forms, together with the common B chain, the heterodimeric high-affinity IL-3R. IL-3 regulates the
differentiation and proliferation of myeloid cells, including granulocytes, monocytes, and particularly
progenitor cells %,

CD123 is expressed on CD34* hematopoietic progenitor cells and is maintained in the granulocytic
lineage, in contrast to reduced expression in monocytes. Erythrocytes and megakaryocytes
progressively lose CD123 expression during differentiation . Nevertheless, CD123 expression on
plasmacytoid DCs (pDCs), eosinophils, and neutrophils results in potential on-target off-tumor
toxicity *°.

Jordan et al. found CD123 to be frequently expressed on leukemic stem cells (LSCs) in acute myeloid
leukemia (AML), as opposed to normal bone marrow-derived hematopoietic cells®’. The high
expression in various hematologic malignancies, including AML, B-cell acute lymphoblastic leukemia,
and blastic plasmacytoid dendritic cell neoplasm °2, makes it a promising therapeutic target for mAbs %3
(Publication II: Tahk et al.), ADCs %4, T-cell-engaging bsAbs %, and CAR-T cell therapy *®.
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1.2.5 Immune checkpoint inhibition led to a new wave in cancer immunotherapy

Immune checkpoints are regulatory pathways to maintain self-tolerance and prevent overactivation
of immune responses. Tumor cells exploit these mechanisms by upregulating inhibitory immune
checkpoints to evade immune surveillance. Checkpoint inhibition utilizes the immune system's ability
to recognize and eliminate cancer cells %’. To date, checkpoint inhibition focuses on the adaptive
inhibitory pathways, with currently three FDA- or EMA-approved checkpoints, CTLA-4, PD-1/PD-L1,
and lymphocyte-activation gene 3 (LAG-3), and more than 20 immune checkpoints being investigated
in clinical trials 2. However, irAEs restrict the therapeutic potential %, and despite their striking efficacy
in some entities, such as melanoma, non-small cell lung cancer, and renal cell carcinoma %712, various
cancers show only limited responses 1°¥1% As checkpoint inhibition only reactivates immune
responses, cancers with low mutational burden and low PD-L1 expression, as well as an
immunosuppressive TME, including exhausted and dysfunctional T cells, among other reasons, weaken
this strategy %1%, Thus, innate immune checkpoint blockade is another promising concept.

1.2.5.1 CD47 is an important inhibitory innate immune checkpoint

CD47 is a 50kDa transmembrane protein with an extracellular single Ig superfamily domain . It was
first described as a novel TAA in ovarian cancer in 1986 1 and later named OA3 !, In 1994, Mawby
et al. 1'% identified CD47 as an abundantly expressed glycoprotein identical to OA3 and the integrin-
associated protein (IAP), another discovered protein expressed on hematopoietic cells 1*3. Interaction
of CD47 with its ligands, integrin and thrombospondin-1 (TSP-1), contributes to various mechanisms,
including cell adhesion, migration, angiogenesis, and aging 1411,

The most important role of CD47 as a “marker of self” on red blood cells (RBCs) was demonstrated by
CD477- RBC elimination through splenic macrophages in vivo *¢. The binding of CD47 to its co-receptor
SIRPa on myeloid cells, such as macrophages and DCs, inhibits phagocytosis by inducing a “don’t eat
me” signal. SIRPa binding leads to downstream phosphorylation of intracellular immunoreceptor
tyrosine inhibitory motifs (ITIMs), which recruit and activate Src-homology 2 tyrosine phosphatases,
SHP-1, and SHP-2 to inhibit signaling in tyrosine kinase-dependent activation pathways required for
phagocytosis 1147116,

The inhibitory checkpoint CD47 is expressed on almost every cell to mediate healthy homeostasis,
especially in the life cycle of RBCs. However, tumor cells utilize that mechanism to escape the immune
system by upregulating CD47 on the cell surface. AML was the first cancer entity, well characterizing
the high CD47 expression 17, followed by a broad range of solid and hematologic malignancies °®
(Publication I: Reischer* & Leutbecher* et al.). High CD47 expression has also been shown to correlate
with a poorer prognosis in various cancer patients, including AML and EOC ®61Y, Therefore, CD47
represents a viable target.

1.2.5.2 CDA47 is a promising target in immunotherapy

CDA47 targeting was validated as a promising immunotherapeutic approach for treating various
hematological and solid tumor entities 8. However, CD47 expression on healthy cells, notably RBCs,
poses significant challenges for CD47 targeting. Multiple concepts were developed to block the CD47-
SIRPa axis, including aCD47 mAbs with reduced RBC targeting ''°, SIRPa fusion proteins with an
intrinsically lower affinity to CD47 %%, and a human IgG4 isotype to minimize potential off-target
effects 121,

The predominant mechanism of blocking the CD47-SIRPa. axis was inducing macrophages to mediate
ADCP '8, However, further mechanisms might contribute to the immune response, including
macrophage recruitment by secreted cytokines and chemokines 1212, macrophage polarization %,
neutrophil activation ?°, and an adaptive T-cell immune response induced by cross-presentation of
phagocytic APCs %, By bridging innate and adaptive immunity, blockade of the CD47-SIRPa. pathway
is a highly promising strategy in cancer immunotherapy.
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Liu et al. developed the humanized 5F9 IgG4 mAb (Hu5F9-G4, magrolimab), which bound human CD47
with 8 nM affinity, induced potent ADCP of AML cells in vitro, and eliminated AML blasts in vivo and
toxicokinetic studies in non-human primates 2. It was subsequently evaluated in clinical trials
enrolling patients with r/r AML or myelodysplastic syndromes (MDS) and advanced solid cancers, and
despite evidence of monotherapy activity, combination trials were enrolled to evaluate its optimal
therapeutic efficacy .

In the last 10 years, various other CD47-targeting mAbs were evaluated as monotherapy in phase1/2
clinical trials, including advanced hematologic and solid cancer patients. Anti-CD47 IgG4 mAbs, such as
IBI188 31, CC-90002 32, Ti-061 33, lemzoparlimab (TJC4) 34, ligufalimab (AK117) 13°, SRF231 3¢, and
IMC-002 ¥, the anti-CD47 IgG2a mAb AO-176 38, as well as SIRPa Fc fusion mAbs, such as TTI-
621 (IgG1) 13, TTI-622 (IgG4) *°, timdarpacept (IMMO1) **! and evorpacept (ALX148) **? were well
tolerated and showed clinical activity. However, further development of, e.g., CC-90002 was
discontinued due to a lack of monotherapy activity 143

1.2.5.3 Combinatorial approaches enhance CD47-mediated phagocytosis

CD47 checkpoint blockade as monotherapy might not be sufficient, as additional pro-phagocytic
signals are needed to induce significant ADCP *4. One approach to synergize the antitumor efficacy is
the addition of Fc-active mAbs to stimulate phagocytic cells by Fc-FcyR interaction as pro-phagocytic
signals **. The combination with rituximab in non-Hodgkin’s lymphoma (NHL) patients 2%,
daratumumab, an anti-CD38 mAb in myeloma %6, as well as GD2-targeting in glioblastoma ¥’ and
trastuzumab, an anti-HER2 mAb, in breast cancer %8, demonstrated promising pre-clinical results in
vitro and in vivo. Notably, the combination of rituximab and magrolimab showed safe and durable
complete responses in a phase 1b/2 trial involving patients with aggressive r/r NHL without significant
safety events. Interestingly, this combinatorial approach restored the sensitivity of rituximab, as 95%
of the enrolled patients were rituximab-resistant 1*°. Moreover, lemzoparlimab in combination with
rituximab demonstrated anticancer activity and was well tolerated in a phase 1b study for r/r NHL **°.
For the treatment of solid tumors, including gastric cancer and HNSCC, the combination of evorpacept
and trastuzumab was favorable with historic controls 4.

Another strategy is to induce immunogenic cell death, which leads to the upregulation of pro-
phagocytic ligands, such as calreticulin, on the target cells 1*1. In that regard, cytotoxic agents, including
chemotherapy, poly ADP ribose polymerase inhibitors (PARPi), and stimulator of interferon genes
(STING) agonists, synergized with CD47 blockade in solid tumors in vitro 527154,

Moreover, magrolimab-mediated CD47 blockade combined with the hypomethylating agent
azacytidine was pre-clinically and clinically demonstrated as an encouraging and synergistic approach
for hematologic malignancies, particularly AML and MDS ™. The combinatorial treatment
demonstrated several benefits. It eliminated LSCs, potentially inducing a more durable response, and
changed the bone marrow TME, including an increased T-cell frequency as evidence of adaptive
immune activation. Furthermore, the response rates of TP53 mutant AML patients having a particularly
poor prognhosis were improved 6,

Azacytidine was well tolerated by MDS patients and showed clinically meaningful activity in
combination with evorpacept **’, lemzoparlimab 8, and timdarpacept *° in phase 2 trials, as well as
IB1188 % and ligufalimab ! in phase 1b trials.

Furthermore, AML patients were enrolled in phase 1/2 trials evaluating magrolimab in combination
with the BCL-2 inhibitor, venetoclax, and azacytidine, showing remarkable response rates and a safe
profile 12, However, the randomized, double-blind, placebo-controlled, multicenter phase 3
ENHANCE-3 study (NCT05079230) evaluating magrolimab + venetoclax + azacytidine in AML patients
was terminated due to futility. Although full reports are missing to date, the first preliminary data
showed increased toxicity due to on-target off-leukemia toxicity. Previously untreated AML patients,
ineligible for intensive chemotherapy due to an older age (>75) or having comorbidities, were enrolled.
In that regard, the elderly, frail patient cohort was a major obstacle. Furthermore, one can speculate
if an 1gG4 construct combined with a hypomethylating agent is the ideal combination to provide the
needed pro-phagocytic signal. However, all clinical trials for the application of magrolimab in
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hematologic and solid malignancies are withdrawn, discontinued, or terminated (e.g., NCT05079230,
NCT06046482, NCT05169944, NCT05738161, NCT05807126).

An alternative approach is the combination of innate and adaptive checkpoint blockade, which has
been pre-clinically shown to be synergistic for several solid cancers 3. In a phase 2 trial, timdarpacept
plus aPD-1 mAb tislelizumab, showed a robust anti-tumor efficacy with a well-tolerated safety profile
for lymphoma and solid tumor patients **. In a phase 1 trial enrolling advanced solid tumors, the
combination of evorpacept and aPD-1 mAb pembrolizumab, was favorable to historical controls,
supporting further investigation *2. Ligufalimab plus cadonilimab, a PD-1/CTLA-4 bsAb, and
chemotherapy demonstrated encouraging anti-tumor activity in a phase 1 trial enrolling gastric cancer
patients 16°,

1.2.5.4 On-target off-tumor binding can lead to CD47-induced toxicities

The ubiquitous expression of CD47 on healthy cells demonstrates a major risk for CD47-targeting.
Higher doses are likely needed to overcome a potential antigen sink. Moreover, the particularly high
expression of CD47 on RBCs can lead to RBC clearance, resulting in anemia as a serious CD47-induced
toxicity 121166,

Throughout the ~120-day lifespan of RBCs, high expression of CD47 diminishes during aging while
simultaneously upregulating pro-phagocytic signals. In that regard, aged RBCs might be disposed to
CDA47 targeting. Magrolimab has been evaluated in several clinical trials, demonstrating manageable
anemia. An initial low priming dose of 1 mg/kg of magrolimab was shown to mitigate anemia by
eliminating aged RBCs but sparing young RBCs . As a result, the transient mild and predictable
anemia was followed by compensatory reticulocytosis, and the newly generated RBCs were unaffected
by magrolimab *. Furthermore, a protective phenomenon named RBC pruning was detected,
meaning that initially primed RBCs lost CD47 expression by CD47 shedding ¢”. Thus, this priming dose,
followed by a higher maintenance dose, reduced anemia in phase 1 clinical trials with advanced solid
tumor and NHL patients 1491,

In general, CD47-targeting mAbs were well tolerated by the patients in the clinical trials, and the
common irAEs were manageable anemia, thrombocytopenia, and neutropenia. Furthermore, fatigue,
nausea, and infusion-related reactions occurred 31138140143 The phase 1/2 combination trials of
magrolimab and azacytidine resulted in an irAE profile similar to azacytidine monotherapy, mainly
anemia, thrombocytopenia, and infusion reactions >

However, magrolimab showed no improved overall survival or response in the recent phase 3
ENHANCE-3 study (NCT05079230), and the higher incidence of serious irAEs resulted in the complete
stop of further developing magrolimab. However, as the enrolled patients are already biased due to
their older age or comorbidities and, therefore, overall difficult to treat, the conclusions might not
reflect the true potential of CD47 checkpoint blockade 6,

1.2.5.5 Multispecific targeting improves CD47 checkpoint blockade

Synergism between blocking the CD47-SIRPa. pathway and additional tumor targeting or adaptive
checkpoint blockade has been shown. Consequently, novel concepts evolved by fusing different
strategies into one molecule, leading to bifunctional or multifunctional antibody constructs. These
include bsAbs bridging innate and adaptive immunity to maximize the anti-tumor efficacy and improve
a long-term response, such as CD47xPD-L1 bsAbs (IBI322 and PF-07257876) %170 SIRPa-Fc-CD40L
fusion protein (SL-172154) 17! 172, and SIRPax4-1BB bsAb (DSP107) 173, for advanced solid tumors and
hematologic malignancies.

A major strategy is combining CD47 blockade with TAA-targeting to redirect the checkpoint blockade
to tumor cells, thus reducing on-target off-tumor toxicities. Several bsAbs were developed pre-
clinically to treat hematologic malignancies by co-targeting CD47 with CD20 174, CD19 ', CD38 "¢, and
CD70 Y7, Ponce et al. developed a multifunctional antibody construct targeting CD33 with high affinity
and blocking CD47 by a fused low-affinity SIRPa. domain 8. We adapted this concept to target CD123
on AML LSCs (Publication II: Tahk et al.). Other examples are the humanized CD47xCD19 bsAb, TG-
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1801, showing clinical activity as monotherapy and an acceptable preliminary safety profile in B-cell
lymphoma patients in combination with the aCD20 mAb ublituximab patients ’°. The humanized
CD47xCD20 BsAb, IMMO0306, was well tolerated with robust anti-tumor activity in a phase 1/2 trial for
treating r/r NHL patients as monotherapy ¥, and the combination trial with lenalidomide is currently
ongoing, showing similar irAEs to monotherapy 2.

For the treatment of solid tumors, several bsAbs were developed pre-clinically, such as targeting
human HER2 ¥, Glypican-3 (GPC3) 18, CD24 #, CD38 >, EpCAM 8¢, B7-H3 '¥7, and EGFR 8. For
instance, the CD47xHER2 bsAb, IMM2902, demonstrated encouraging preliminary safety, tolerability,
and anti-tumor activity in a phase 1/2 trial . NI-1801, an MSLNxCD47 fully human IgG1 bsAb was
developed as kA-body format with an aMSLN A-light chain and an a.CD47 k-light chain . It is currently
being studied in a clinical trial for patients with MSLN-expressing solid malignancies, including EOC,
breast cancer, and PDAC, as monotherapy and in combination with pembrolizumab or paclitaxel 2. We
also developed an MSLN- and CD47-targeting construct. We translated the concept of Ponce et al. in
AML 178 to solid tumors by targeting MSLN and CD47 by fusing the extracellular SIRPa. domain to the
full-length aMSLN mAb. The multivalent specificity of our construct is the major advantage compared
to the MSLNxCD47 bsAb, leading to superior binding, ADCC, and ADCP (Publication I: Reischer* &
Leutbecher* et al.).

1.3 Cancer entities in focus

Despite remarkable improvements in cancer treatment of a subset of patients, several entities, such
as EOC, PDAC, and AML, do not benefit from immunotherapy 1%, Although EOC and AML differ
fundamentally in cellular origin and affected physiological systems, each presenting unique challenges
in diagnosis, treatment, and prognosis, both malignancies remain highly lethal, highlighting the urgent
need for novel treatment strategies.

1.3.1 Epithelial ovarian cancer

Ovarian cancer is the fifth leading cause of cancer-related death in women worldwide *%. It is a
heterogeneous disease, with EOC accounting for the most frequent and lethal gynecological
malignancy, as approximately 90% of the patients are affected. Malignant germ cell and sex-cord
stromal tumors are less common. EOC is histologically classified into high-grade and low-grade serous,
endometrioid, mucinous, and clear cell carcinomas, whereby high-grade serous ovarian carcinoma
(HGSOC) is the predominant and most aggressive form 192193,

An early diagnosis of EOC with a localized tumor stage leads to a high 5-year OS rate of 93%. In contrast,
a late diagnosis, where metastases have already spread, reduces the 5-year OS to 30% 4.
Unfortunately, most patients are diagnosed at an advanced stage due to the combination of missing
or nonspecific symptoms, such as back and abdominal pain, fatigue, and bloating '*°, as well as
inefficient screening and manifestation tools 1%,

The standard treatment of EOC is debulking surgery and first-line platinum-based chemotherapy.
Despite initial remission in 80% of the women, most advanced cancer patients relapse and additionally
develop chemoresistance. Novel strategies such as targeted therapy, hormone therapy, and
immunotherapy are evaluated '*’. The molecular heterogeneity of the disease further complicates the
treatment options. P53 was aberrantly mutated, and in approximately 50% and 25% of HGSOC
patients, homologous recombination deficiency (HRD) and BRCA1/2 mutations were detected,
respectively 18, Based on this, novel strategies impeding DNA repair pathways, such as PARPi to induce
synthetic lethality, have been developed. Since 2014, four different PARPi have been approved by the
FDA and EMA for treating recurrent and newly diagnosed BRCA-mutated EOC patients, significantly
improving these patients’ survival 1*°. Furthermore, two years ago, the FDA approved the folate
receptor o (FolRa)-targeting ADC, mirvetuximab soravtansine, for platinum-resistant FolRa-expressing
ovarian cancer %%,
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However, immunotherapeutic approaches, such as PD-1/PD-L1 checkpoint blockade, have not been
beneficial 2%, Although EOC was the first tumor to detect intratumoral T cells as a prognostic factor %2,
an immunosuppressive TME, including abundant Tregs 2% and exhausted T cells 2°42°°, may contradict
the immune response. Several ongoing clinical studies evaluate novel immunotherapeutic strategies
to fight this challenging disease.

1.3.2 Acute myeloid leukemia

Acute leukemias are characterized by the accumulation of aberrantly differentiated hematopoietic
stem cells that disrupt regular hematopoiesis 2°®. AML is a highly aggressive and the most frequent
form of acute leukemia in adults, with a median age of 65 years. It is described by the uncontrolled
proliferation of immature myeloid precursor cells in the bone marrow and peripheral blood 2°72% The
accumulation of immature blasts in the bone marrow leads to anemia, thrombocytopenia, and
neutropenia 2%°. The clinical symptoms range from fatigue, pallor, bleeding, and an increased risk of
infections 2°,

AML s driven by a rare population of LSC clones with different sequentially acquired mutations, leading
to a heterogeneous mutational landscape of several common genetic mutations, such as fms-related
tyrosine kinase 3 (FLT3), nucleophosmin 1 (NPM1), DNA methyltransferase 3 a (DNMT3A), isocitrate
dehydrogenase 1 (IDH1), IDH2, TP53, and Wilm’s tumor 1 (WT1), and thousands of additional rarely
mutated genes 2!, LSCs are often chemotherapy-resistant, thereby initiating relapse. This highlights
them as important targets to induce durable responses in AML patients 1°°.

The standard treatment involves chemotherapy, followed by active immune surveillance, including
assessment of post-treatment measurable residual disease (MRD) and maintenance therapy to
prevent relapse. Nevertheless, approximately 40% of MRD-negative patients relapse within 5 years
with a poor prognosis 2!2. High-risk patients characterized by an unfavorable cytogenetic profile may
be considered for allogeneic hematopoietic stem cell transplantation (HSCT), currently the only
potentially curative option, by inducing a graft-versus-leukemia effect. However, HSCT is not eligible
for all patients, and relapse rates remain high 2%3.

As current advances in understanding AML biology and genetics have identified novel targets and
deregulated pathways, several targeted therapies were developed and recently approved by the FDA,
including small molecules targeting FLT3, gilteritinib %4, and midostaurin #'°>, ADCs targeting CD33, such
as gemtuzumab ozogamicin 2%, and the combination of the BCL-2 inhibitor venetoclax with the
hypomethylating agents azacytidine or decitabine 27 .

Immunotherapeutic approaches, including bispecific T-cell engagers targeting CD33, such as
flotetuzumab and AMG 330 %8, and CAR-T cells, 2'° are currently under investigation, showing partially
promising early results in clinical trials with r/r AML patients. Despite recent advances, the prognosis
for AML remains poor, with a 5-year OS rate of ~30% %%, highlighting the need for novel therapies to
improve patient outcomes.

1.4 Aim

Despite favorable progress in treating various cancer entities in the last decades, several malignancies,
such as EOC and AML, have not yet benefited and often remain lethal. Thus, novel treatment strategies
are urgently needed. The overexpression of the innate immune checkpoint CD47 on tumor cells
emphasizes its targeting as a promising strategy. However, ubiquitous CD47 expression on healthy cells
poses a therapeutic risk. We aimed for the development of a multifunctional mAb construct, which
combines low-affinity CD47 checkpoint blockade with high-affinity tumor binding, thereby (1) reducing
on-target off-tumor toxicity by improved tumor targeting and (2) mediating a robust immune response
in solid tumors and hematologic cancers.
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2. Summary of publications

2.1 Publication I: Targeted CD47 checkpoint blockade using a mesothelin-
directed antibody construct for enhanced solid tumor-specific
immunotherapy 2%

In this study, we developed a novel multifunctional antibody construct as an immunotherapeutic
approach to improve solid tumor treatment. Despite promising results in some cancer entities, several
solid tumors, like EOC and PDAC, do not respond to blockade with adaptive checkpoint inhibitors, often
resulting in poor prognosis. Effective treatment options remain limited, highlighting the need for novel
therapeutic approaches. The innate immune checkpoint CD47 represents a promising target due to its
widespread overexpression on cancer cells. However, its expression on healthy cells poses challenges,
including a potential antigen sink and on-target off-tumor toxicity. This necessitates strategies to
enhance specificity and therapeutic efficacy. Thus, we combined low-affinity CD47 blockade with high-
affinity tumor targeting in a single multifunctional mAb using MSLN as an established TAA for solid
cancers.

For this purpose, a local inhibitory checkpoint monoclonal antibody (LicMAb) was generated by fusing
the endogenous N-terminal SIRPa Ig V-like domain, characterized by a lower affinity to CD47, to a high-
affinity anti-human MSLN IgG1 mAb. Two mAb clones, 4D8 and MA4F5, were generated using
hybridoma technology following mouse and rat immunization, respectively. Both SIRPa-atMSLN
LicMADb clones were evaluated for binding, CD47 blocking, and their functional capacity mediating
ADCC and ADCP of solid tumor cells. The EOC cancer cell line OVCAR-3 and the MSLN-transduced PDAC
cell line SUIT-2-MSLN were used as model systems with different levels of CD47 and MSLN expression.
First, we analyzed the RNA expression of CD47 and MSLN in various cancer entities and found both to
be highly upregulated in several solid tumor entities, particularly in EOC and PDAC. Moreover, we
confirmed their protein expression in primary EOC cells derived from tumor tissue and ascites.

Next, we demonstrated the SIRPa-aaMSLN LicMAb binding to the OVCAR-3, SUIT-2-MSLN, and MLSN*
primary EOC cells but not MSLN™ cells. Importantly, the binding capacity was dependent on the MSLN
expression levels. Despite the low-affinity binding of the fused SIRPa. domain, LicMAbs blocked CD47
on the target cells, but to a lesser extent than high-affinity aCD47 mAbs.

As CD47-expressing RBCs are the most abundant cells in the blood and anemia was the most common
CDA47-related toxicity in clinical studies with magrolimab, we evaluated the risk of on-target off-tumor
binding. The LicMAbs did not bind to RBCs and neutrophils nor induce platelet aggregation. However,
lymphocytes were bound by the LicMAbs but to a significantly lesser extent than by high-affinity aCD47
mAbs. Importantly, in competitive binding assays with excess RBC and lymphocytes, the LicMAbs
bound specifically to the MSLN* cancer cells and avoided binding to RBC or lymphocytes in contrast to
high-affinity aCD47 mAbs.

Next, the functional capacity of LicMAbs to induce NK cell-mediated cytotoxicity of EOC and PDAC cell
lines was evaluated. The LicMAbs induced E: T-ratio- and dose-dependent lysis of OVCAR-3 and PDAC
cells, superior to the aMSLN mAb (4D8 and MA4F5) and amatuximab. The NK-cell activation and
degranulation correlated with the dose-dependent lysis. Notably, shed MSLN is a common
phenomenon known to diminish MSLN-targeting. Therefore, we analyzed the binding and cytotoxic
capacity of LicMAbs in the presence of soluble MSLN. While the capability of conventional aMSLN mAb
has been highly affected, the LicMAbs were still effective, albeit with higher concentrations.

As a next step, the improved phagocytosis by blocking the CD47-SIRPa. axis in addition to the IgG1
prophagocytic signal was demonstrated in EOC and PDAC entities. The LicMAbs induced dose-
dependent phagocytosis of OVCAR-3 and SUIT-2-MSLN cells, dependent on the MSLN levels expressed
on the target cells. Interestingly, the combinatorial targeting of LicMAbs showed enhanced ADCP to
CD47 blockade mediated by alCD47 (h5F9) and magrolimab.
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Lastly, we demonstrated the LicMAb-mediated killing of MSLN* EOC cells in a 3D organoid system as a
more advanced pre-clinical research model.

Taken together, we established a novel strategy to redirect the CD47 blockade to solid cancer entities.
CD47-related on-target off-tumor toxicities were avoided by restricting the innate immune reaction to
MSLN-expressing tumor cells.

My contribution:

The shared co-authorship is due to the project initiation and the first two rounds of LicMAb expression
(clone 4D8) done by A.R. My contribution to this publication is based on designing, planning,
performing, analyzing, and interpreting the in vitro experiments. More precisely, | isolated the EOC
single-cell suspensions by dissociating the primary EOC tissue samples derived from surgery or
cultivation of ascites fluid, and | analyzed the antigen expression pattern and LicMAb binding capability
by flow cytometry. | evaluated the binding and blocking specificity of the expressed mAbs and LicMAbs
on the cell lines by flow cytometry. Furthermore, | took care of the continuous cultivation of the cell
lines and the collection and isolation of the HD PBMCs used for the experiments.

Additionally, | analyzed on-target off-tumor toxicities induced by hematopoietic cell binding and
competition assays with both cell lines OVCAR-3 and SUIT-2-MSLN. | conducted and analyzed all
cytotoxicity assays of OVCAR-3 cells and SUIT-2-MSLN cell lines (clone 4D8 and M4F5) by impedance
measurement (xCELLigence) and flow cytometry, as well as the respective evaluation of the NK-cell
activation and degranulation. Likewise, | performed and analyzed the phagocytosis assays of OVCAR-3
cells and SUIT-2-MSLN cells (clone 4D8 and MA4F5) evaluated by imaging flow cytometry and classical
flow cytometry. Furthermore, | compared the LicMAbs and the CD47xMSLN bsAb in the ADCC and
ADCP assays. Besides, | was involved in the preparation, evaluation, and interpretation of the ex vivo
EOC organoid cytotoxicity assays.

In addition, | designed all the figures, wrote the first manuscript draft, and organized and handled the
complete submission and revision process.

(Figures 1-6; and Supplementary Figures S1-8)
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2.2 Publication II: SIRPa-aCD123 fusion antibodies targeting CD123 in
conjunction with CD47 blockade enhance clearance of AML-initiating
cells 21

In this study, published by Tahk et al., we developed a dual-targeting immunotherapeutic strategy to
treat AML. A major challenge in AML treatment is the persistence of the chemo-refractory AML-
initiating LSCs. In that regard, LSC targeting is a promising strategy to avoid AML relapse and achieve
sustained remission. As the innate checkpoint CD47 and the TAA CD123 are highly expressed on bulk
AML and LSC cells, a dual targeting approach was developed by binding CD123-expressing cells and
locally blocking the CD47-SIRPq. axis.

In that regard, we fused an aCD123 mAb with the extracellular SIRPa. domain, generating a single-
fused 1 xSIRPa-alCD123 and a double-fused 2 x SIRPa-aCD123 antibody construct. The specific
binding and CD47 blocking properties, as well as the functional capacity to induce ADCC and ADCP of
AML, were characterized in vitro and in vivo.

First, binding and CD47 blocking studies were performed. Both fusion constructs bound the
CD123*CD47* AML cell line MOLM-13 more strongly than the aCD123 mAb. Despite the low-affinity
binding of the SIRPa. domain, the single fusion enabled CD47 blockade, which was enhanced by the
double fusion. As expected, the high-affinity aCD47 mAb blocked the majority of CD47 on the MOLM-
13 cell surface. To evaluate the risk of on-target off-tumor toxicities and an antigen sink, competitive
binding assays with excess RBCs or PBMCs were performed. RBCs, which are highly abundant in the
blood, were not bound by the constructs. The fusion constructs bound PBMCs, including CD123* pDCs,
in the presence of AML cells. The 2 x SIRPa-a.CD123 showed a similar binding strength to PBMCs
compared to the high-affinity aCD47 mAb. Nevertheless, PBMC binding by the fusion constructs was
significantly reduced compared to the high-affinity aCD47 control antibodies Hu5F9-G4 and
commercially available B6H12. Platelets were less bound and aggregated by the fusion constructs than
the CD47-targeting control antibodies.

Next, the phagocytic capacity of the constructs was evaluated by blocking the CD47-SIRPa axis in
combination with the prophagocytic FcR stimulation. The enhanced phagocytosis of the MOLM-13 cell
line and primary patient-derived AML (pAML) blasts was demonstrated in an allogeneic and autologous
setting. Thereby, 1 x and 2 x SIRPa-a.CD123 induced comparable ADCP frequencies superior to aCD47
or the combination of aCD47 and aCD123. Furthermore, the NK cell-mediated lysis of the MOLM-13
cell line and pAML cells was analyzed. Both fusion constructs induced specific lysis of MOLM-13 and
pAML cells with enhanced lysis mediated by the double fusion. The aCD47 did not lead to the lysis of
pAML cells. Interestingly, a fusion construct targeting the TAA CD33 (SIRPai-aCD33) mediated less lysis
than its SIRPa-aCD123 counterpart. The 1 x and 2 x SIRPa-a.CD123 markedly increased lysis of AML
patient-derived xenografts (PDX) compared to aCD123.

As a last step, the cytotoxic capability of the fusion constructs was evaluated by an in vivo engraftment
assay. To this end, residual AML PDX cells surviving an ex vivo ADCC assay served as a surrogate for
LSCs and were transplanted into NSG mice. The 2 x SIRPa-aCD123 mediated tumor control and
significantly longer survival of the PDX-engrafted mice compared to the aaCD123-treated mice. The
preferred targeting of LSCs over bulk AML cells was detected using the extreme limiting dilution
algorithm.

Overall, by developing the dual-targeting SIRPa-a.CD123 fusion constructs, we localized the disruption
of the CD47-SIRPa axis to AML cells and thus enhanced the elimination of LSC cells without on-target
off-leukemia toxicities.
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My contribution:

My contribution to this publication is based on performing, evaluating, and interpreting the
experiments concerning on-target off-tumor toxicities. | collected and isolated PBMCs derived from
HD whole blood. Primarily, | analyzed the CD123 and CD47 antigen expression on the cell surface of
HD PBMCs. | established a multicolor flow cytometry panel and evaluated the CD47 expression levels
on PBMCs and, in greater detail, on CD4* and CD8"* T cells, B cells, NK cells, pDCs, and monocytes.
Moreover, | conducted binding assays of the antibody fusion constructs and proper controls to HD
PBMCs, depicted in Figure 2F.
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Abstract

The immune checkpoint CD47 is highly upregulated in several cancers as an innate immune escape mechanism. CD47
delivers a “don’t eat me” signal to its co-receptor signal regulatory protein o (SIRP«), thereby inhibiting phagocytosis.
Blocking the CD47-SIRPa axis is a promising immunotherapeutic strategy against cancer. However, early trial data has
demonstrated on-target off-leukemia toxicity. In addition, the ubiquitous expression pattern of CD47 might contribute to
an antigen sink. In this study, we combined low-affinity CD47 checkpoint blockade and specific tumor targeting in a mul-
tivalent and multifunctional antibody construct to prevent CD47-related toxicities. First, we established a local inhibitory
checkpoint monoclonal antibody (LicMAb) by fusing two N-terminal extracellular domains of SIRPa to a full-length anti-
human mesothelin (MSLN)-IgG1 antibody, a well-described tumor-associated antigen in epithelial ovarian cancer (EOC)
and pancreatic ductal adenocarcinoma (PDAC). Next, we evaluated the SIRPa-aMSLN LicMAb for mediating a tumor-
restricted immune response as observed by antibody-dependent cellular cytotoxicity (ADCC) and phagocytosis (ADCP).
Our data validates CD47 and MSLN as highly upregulated targets expressed on various solid cancer entities, particularly
EOC. We show tumor-specific binding and CD47 blocking by the SIRPa-aMSLN LicMAD even in the presence of healthy
CD47-expressing cells. Furthermore, the LicMADb induces NK-cell-mediated cytotoxicity and improves phagocytosis of
EOC and PDAC tumor cells. Moreover, cell death in EOC-derived organoids was specifically LicMAb-driven. Hence, the
SIRPa-aMSLN LicMADb combines a tumor-restricted blockade of the CD47-SIRPa axis with a specific antitumor response
while preventing on-target off-tumor toxicities. Our data supports the multifunctional SIRPa-aMSLN LicMAD as a promis-
ing approach to treating solid tumors.
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CD47 @® MSLN
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The local inhibitory checkpoint monoclonal antibody (LicMADb) binds mesothelin (MSLN) with high affinity and simulta-
neously blocks CD47 on MSLN-expressing tumor cells to inhibit the “don’t eat me” signal. CD47 is blocked by the fused
extracellular SIRPa domain that intrinsically has a low affinity. Furthermore, the SIRPa-aMSLN LicMAb is based on a
human IgG1 backbone to provide an Fc receptor (FcR)-activating stimulus to enable direct NK-cell-mediated killing by
granzyme B (GrzB) and perforin secretion, and an additional pro-phagocytic signal to phagocytic cells, such as macrophages
(M@). This leads to tumor-restricted antibody-dependent cellular cytotoxicity (ADCC) and antibody-dependent cellular
phagocytosis (ADCP) of cancer cells. This scheme was created with BioRender (BioRender.com/g77u465).

Keywords CD47-SIRPa - Innate immune checkpoints - Mesothelin - Multifunctional antibodies - Solid tumors
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Introduction

Immunotherapy has revolutionized the therapeutic landscape
of oncology for most tumor entities. In recent decades, mono-
clonal antibodies (mAbs) targeting immune checkpoints have
reformed treatment algorithms for various cancer entities [1].
However, some solid cancer entities such as epithelial ovarian
cancer (EOC) or pancreatic ductal adenocarcinoma (PDAC)
show only limited response to the blockade of adaptive
immune checkpoint inhibitors (ICIs). As the patient outcome
remains poor in these disease entities, novel treatment options
are highly sought after [2, 3].

The inhibitory innate checkpoint molecule CD47 is
known as a “marker of self” and is expressed on almost
every cell in the body. The interaction of CD47 with its
co-receptor signal inhibitory regulatory protein o (SIRPx)
on phagocytes sends a “don’t eat me” signal that is neces-
sary for healthy homeostasis, especially in the life cycle of
red blood cells (RBCs) [4]. Interestingly, CD47 has been
reported to be overexpressed in many different hematologi-
cal and solid tumors as an immune escape mechanism [5, 6].

Targeting CD47 with mAbs has been shown to block the
CD47-SIRPa signaling axis and thus, leads to enhanced phago-
cytosis of tumor cells. The first-in-class IgG4 CD47-targeting
mAb magrolimab, followed by others, demonstrated robust anti-
cancer activity in patients with hematologic and solid cancers [7,
8]. Nevertheless, as CD47 is ubiquitously expressed on healthy
cells, its targeting leads to CD47-induced toxicities, such as
anemia and thrombocytopenia [9]. Additionally, high doses of
CD47-targeting mAbs are required due to a large antigen sink
[8]. Clinical trials with magrolimab in hematologic and solid
malignancies were discontinued due to on-target off-tumor tox-
icity rendering further investigation futile (e.g. NCT05079230,
NCT06046482). To reduce CD47 targeting on healthy cells,
other strategies to block the CD47-SIRPa axis were developed
such as ®CD47 mAbs with reduced RBC targeting [10-12] or
SIRPu fusion proteins [13, 14]. The overall concept of the CD47
blockade has been proven more effective when combined with
a pro-phagocytic stimulus, such as rituximab, an aCD20 IgG1
mAD [15].

One strategy to combine the benefits of a tumor-restricted
CDA47 blockade with a pro-phagocytic stimulus in a single
molecule is to fuse SIRPa with a tumor-associated antigen
(TAA)-specific IgG1 antibody. This approach has been vali-
dated preclinically in hematologic malignancies [16, 17].

The TAA mesothelin (MSLN) is highly expressed in several
solid cancer types, particularly in EOC, PDAC, and mesothe-
lioma [18]. Hence, to improve the treatment options for these
disease entities, we fused the endogenous SIRPa immunoglobu-
lin V-like domain to the N-terminus of the light chain of an anti-
human MSLN IgG1 mAb generating a SIRPo—aMSLN local
inhibitory checkpoint monoclonal antibody (LicMADb).

Our in vitro studies demonstrated successful clearance of
MSLN-expressing cancer cells by IgG1-mediated activation
of innate immune cells inducing cytotoxicity and phago-
cytosis. Moreover, we confirmed the preclinical efficacy
of SIRPa-aMSLN LicMAb in primary EOC samples and
patient-derived organoids.

Methods
RNAseq and genomic alteration analysis

Transcriptomic data and corresponding clinical data from
the Cancer Genome Atlas PanCancer Studies data collection
(TCGA-PanCancer Atlas) were downloaded from cBioportal
(https://www.cbioportal.org). Samples were filtered based on the
availability of mRNA expression data (n=10,071 samples, 91%
of TCGA-PanCancer Atlas cohort). mRNA expression z-scores
relative to all samples (log RNAseq V2 RSEM) were used to
assess the expression of MSLN and CD47 across cancer types.
The cancer types and relative sample numbers are described
in Supplementary Table S1. The package ggplot2 tool in R
was used for data visualization. To assess the genomic changes
across cancer types, MSLN and CD47 were manually selected.
Within the cBioportal visualization tool, “Mutation count” and
“Genes with the highest frequency in any group” were selected.
The mutation count for each cancer type was plotted on a box-
plot and the 10 most frequently mutated genes for each cancer
type were plotted on a bar graph.

Generation of local inhibitory checkpoint
monoclonal antibody (LicMAb)

Human MSLN antibodies were generated by immuniz-
ing mice and rats with the extracellular domain of MSLN
(amino acids 296-606). A detailed description of the SIRPa-
oaMSLN LicMAD generation is provided in the supplemen-
tary methods. In brief, RNA was isolated from hybridoma
cells, variable light (V) and variable heavy (Vy) chains
were amplified, and genes were synthesized and cloned into
expression vectors containing the constant human IgG1
framework. The N-terminal Ig V-like domain of SIRPa
was linked to the aMSLN light chain by a flexible polyg-
lycine—serine four-repeat linker (G,S), to clone a SIRPa-
aMSLN LicMAb. All proteins were produced in Expi293F
cells and purified. The aCD33 mAb and SIRPa-aCD33
LicMAD, as well as high-affinity «CD47 IgG4 and aCD47
IgG1 mADb (h5F9-G4 and h5F9-Gl1, respectively), served
as controls.

@ Springer
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Antibody-dependent cellular cytotoxicity (ADCC)

For the impedance-based readout, target cells were
seeded in a sterile 96-well real-time cell analysis (RTCA)
E-plate (Agilent) and cultured in the xCELLigence (Agi-
lent) for 24 h. NK cells were isolated from fresh periph-
eral blood mononuclear cells (PBMCs) using the human
NK Cell Isolation Kit (Miltenyi Biotec). NK cells were
co-cultured with target cells and antibodies for 24 h.
Cytotoxicity was calculated after 4 h of co-culture as
overall lysis [%] = {1 — (normalized cell index of condition)/
(normalized cell index of condition w/o Ab)} x 100. For the
multiparametric flow cytometry (MPFC)-based readout,
isolated NK cells were co-cultured with CellTrace CFSE-
labeled target cells and antibodies for 4 h. Cells were
stained with LIVE/DEAD Near-IR Dead Cell Staining Kit
(Invitrogen) and lysis was calculated as percentage of dead
cells or overall lysis [%] = {1 — (cell count of condition)/
(cell count of condition w/o Ab)} x 100. NK-cell activation
was evaluated by CD69 and CD107a expression.

Antibody-dependent cellular phagocytosis (ADCP)

Monocytes were isolated using the Classical Monocyte
Isolation Kit (Miltenyi Biotec) and differentiated into mac-
rophages in the presence of M-CSF (100 ng/ml; Biolegend)
for 7 days.

CellTrace Calcein Red—Orange- or Far-Red-labeled mac-
rophages were incubated with CellTrace CFSE-labelled tar-
get cells at an effector:target (E:T) ratio of 1:1 and a serial
dilution of the antibodies (0.01-10 nM) for 4 h. Analysis was
performed using either the Amnis® Imagestream® MKII
(Cytek Biosciences) or the Cytoflex LX (Beckman Coulter)
flow cytometer. After doublet exclusion, the double-positive
population represented the phagocytosed population.

ADCC with primary EOC patient-derived organoids

As previously described [19], patient-derived organoids
(PDOs) were derived from fresh tumor tissue by enzymatic
digestion and isolation of progenitors, followed by differen-
tial seeding in Cultrex RGF Basement Membrane Extract,
Type 2 (Bio-Techne), and growth media matrix to identify
optimal patient-specific growth conditions.

The assay was performed on a co-culture of freshly iso-
lated NK cells (5:1 E:T ratio) and PDOs with the antibodies
(50 nM) and IL-2 (10 nM) for 48 h. PDOs were retrieved
from the 3D extracellular matrix by washing with ice-cold
ADF F12 medium, supplemented with HEPES and Glu-
tamax, and resuspended in growth medium. Technical repli-
cates were digested with TrypLE to determine the number of
single cells per PDO as approximately 2 x 10* cells per well.
Phase contrast images were taken after 24 and 48 h. Cell

@ Springer

viability was quantified by luminescence-based CellTiter-
Glo 3D Assay (Promega), in independent quintuplicates per
condition. Fluorescence images were obtained using a fully
motorized Keyence BZ X-810 microscope, equipped with a
Tokai stage-top incubator. Phenotypic characterization of the
PDOs has been performed by immunofluorescence staining
[19] (Supplementary Table S3).

Results

EOC shows enriched MSLN expression
and the highest CD47 mRNA expression across 30
cancer entities

MSLN and CDA47 are promising targets for immunotherapy
[5, 18]. This was confirmed by a pan-cancer analysis of the
TCGA cohort to evaluate the MSLN and CD47 mRNA
expression levels across 30 cancer entities. MSLN mRNA
was highly enriched in EOC and PDAC (Fig. 1a) in contrast to
healthy ovarian tissue (Supplementary Figure S1a, b). MSLN
protein expression was validated on primary EOC cells iso-
lated from tumor tissue and ascites by MPFC (median MFI
ratios 2.2 and 4.0, respectively; Fig. 1b, Supplementary Fig-
ure Slc, d). As expected, CD47 mRNA was highly abundant
in all cancer entities evaluated and, interestingly, displayed
the highest expression in EOC (Fig. Ic, Supplementary Fig-
ure Sla, b). Robust CD47 protein expression was validated in
EOC cells by MPFC and is particularly prominent on tissue-
derived cancer cells (median MFI ratio 41.8; Fig. 1d, Supple-
mentary Figure Slc, d). Moreover, 73-75% of EOC patients
express CD47 and MSLN (Supplementary Figure Sle).
Analysis of the genomic alteration frequencies demonstrated
the highest proportion of MSLN amplification in breast can-
cer and EOC (4%, and 2%, respectively; Supplementary Fig-
ure S1f). Moreover, EOC displayed the highest CD47 ampli-
fication frequency at 6% (Supplementary Figure S1g). These
data further support MSLN and CD47 as promising targets
for novel immunotherapeutic approaches in EOC.

Generation and characterization of SIRPa-aMSLN
LicMAb demonstrating MSLN-specificity
and CD47-blocking capacity

We generated anti-human MSLN mAbs using the hybrid-
oma technique to identify two clones (4D8 and M4F5). The
SIRPo-aMSLN*P® and SIRPa-aMSLNM# LicMAbs were
generated by fusing two N-terminal SIRPa immunoglobulin
V-like domains to the V| chain of the antibody via a flexible
(G,S), linker (Fig. 2a). First, we investigated the impact of the
N-terminal SIRPa fusion on the binding to MSLN by determin-
ing the K, value using surface plasmon resonance (SPR). The
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Fig.1 EOC features high MSLN and CD47 mRNA and protein lev-
els. The mRNA expression of MSLN (a) and CD47 (c¢) was evalu-
ated across 30 cancer entities using the TCGA-derived pan-cancer
cohort (10,953 patients; 10,967 samples). The protein expression lev-
els of MSLN (b) and CD47 (d) on primary EOC cells derived from

K, values were in the low nanomolar range for all constructs,
indicating the affinity for MSLN was unaffected by the fusion
of the SIRPa domain (Supplementary Figure S3a). Binding to
CDA47 occurred with lower affinity (Kp =1 puM), consistent with
previously measured affinities of SIRPx for CD47 [20].

We also analyzed binding to the MSLN-expressing EOC cell
line OVCAR-3 and the MSLN-transduced PDAC cell line SUIT-
2-MSLN by MPEC (Fig. 2b, c). The SIRPa—aMSLN*P® Lic-
MADb and the xCD47 mAb (h5F9-G4) mAb bound to OVCAR-3
cells similarly, with MFI ratios of 117.2 and 119.5, respectively.

EOC tissue (n=>51) and ascites (n=234) are depicted as median fluo-
rescence intensity (MFI) ratio in violin plots with median (gray line)
and quartiles (dashed gray line). The black dashed line represents the
threshold MFI ratio of 1.5. Statistical analysis was performed using
an unpaired t-test, **¥p <0.001

By contrast, the aMSLN*P® mAb showed a lower MFI ratio
of 10.2, which can be explained by a 2.7-fold higher CD47
antigen density on the OVCAR-3 cell surface (Supplemen-
tary Figure S2). As expected, the SIRPo—oaMSLN*P® LicMAb
bound the SUIT-2-MSLN cells similarly to the «MSLN*P® and
aCD47 mAb (h5F9-G4) mAb with MFI ratios of 27.5, 21.6,
and 31.2, respectively (Fig. 2b, ¢). Furthermore, primary EOC
cells derived from ascites (Fig. 2d) and tumor tissue (Supple-
mentary Figure S3b) were bound by the SIRPa—aMSLN*P®
LicMAb (MFI ratios 2.1 and 3.3, respectively), aMSLN*P8
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Fig.2 The engincered SIRPa-aMSLN LicMAb is characterized
by MSLN-specific targeting and CD47-blocking capacities. (a) A
scheme of the SIRPa-aMSLN LicMAb targeting MSLN and simul-
taneously blocking CD47 on the cancer cells to switch on an “eat
me” signal to the phagocytosing effector cells. The extracellular
SIRPa domain that intrinsically has low affinity is fused to the IgG1
antibody light chains (V) via a flexible (G,S), linker. This scheme
was created with BioRender (BioRender.com/g77u465). (b) A rep-
resentative example of binding to OVCAR-3 (left) and SUIT-2-
MSLN (right) cells by the indicated antibodies was evaluated by flow

mAb (MFI ratios 2.2 and 3.3, respectively), and ®CD47 mAb
h5F9-G4 (MFI ratios 4.2 and 6.0, respectively). Importantly, the

@ Springer

cytometry. (¢) The binding to OVCAR-3 (left) and SUIT-2-MSLN
cells (right) in a serial dilution of the indicated antibodies (0.0001—
100 nM) was evaluated by flow cytometry (n=3-4). (d) The bind-
ing of the indicated antibodies to primary EOC cells derived from
ascites was evaluated using flow cytometry (n=3). (e) The frequency
of accessible CD47 on SUIT-2-MSLN cells was evaluated by flow
cytometry using an APC-conjugated CD47-targeting antibody after
incubation with the indicated antibodies (100 nM, n=4). Data rep-
resents the mean +SEM. Statistical analysis was performed using an
ordinary one-way ANOVA, *p <0.05, *¥p<0.01, and ****p <0.0001

SIRPa—xMSLN*P8 LicMAb did not bind to MSLN™ patient-
derived EOC cells (Supplementary Figure S3c).
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One reason to generate LicMAbs is to retain the therapeu-
tic benefit of blocking the CD47-SIRPu interaction, specifi-
cally on tumor cells. To evaluate the CD47-blocking capacity,
we analyzed the accessible CD47 on SUIT-2-MSLN cells by
MPFC (Fig. 2e). In contrast to the high-affinity xCD47 mAbs
h5F9-G4 and CC2C6, which blocked the majority of CD47
sites (6.2% and 2.3% accessible CD47, respectively), the
SIRPa—aMSLN*P® LicMAb was less efficacious in blocking
CDA47 (59.5% accessible CD47). To determine the specificity of
MSLN targeting, we also evaluated the binding (Supplementary
Figure S3d) and blocking capacity (Supplementary Figure S3e)
of the SIRPo—aMSLN*® LicMAb to the MSLN"¢/CD33P**
AML cell line MOLM-13. The SIRPa—oMSLN*®¥ LicMAb
neither binds to MOLM-13 cells nor blocks CD47. By contrast,
the isotype control SIRPa—xCD33 LicMAb bound to CD33P*/
CD47"°* MOLM-13 cells and blocked CD47 (47% accessible
CD47). These data show that the SIRPa—aMSLN LicMAb
binds to the MSLN-expressing EOC and PDAC cells while
simultaneously blocking CD47.

The SIRPa-aMSLN LicMADb avoids on-target
off-tumor binding

We postulated that the SIRPa-aMSLN LicMAb specifically
blocks CD47 on MSLNP® cancer cells. Consequently, the risk
for potential adverse events by on-target off-tumor binding, such
as anemia, neutropenia, and thrombocytopenia [9], is reduced.
To this end, we examined the SIRPa-aMSLN LicMAb bind-
ing to hematologic MSLN"/CD47P cells. In contrast to the
high-affinity «CD47 (hSF9-G4) mAb, the SIRPa-aMSLN
LicMAD did not bind to RBCs (Fig. 3a, Supplementary Fig-
ure S4b) or neutrophils (Fig. 3b). Furthermore, unlike control
molecules targeting CD47, the SIRPa-aMSLN LicMAD did not
elicit platelet aggregation (Supplementary Figure S4c). Inter-
estingly, lymphocytes, which express CD47 at higher levels
than RBCs and neutrophils (Supplementary Figure S4a), were
bound by the SIRPa-aMSLN LicMAb. However, compared to
the high-affinity «aCD47 (h5F9-G4) mAb with an ECy, value of
0.26 nM, a fourfold lower MFI ratio was detected with a 40-fold
higher ECs, value of 12.0 nM. Unexpectedly, we found that
the aMSLN mAb binds to lymphocytes at a high concentra-
tion of 100 nM. This result might explain the affinity of SIRPo-
oaMSLN LicMAD as an avidity effect of binding at MSLN and
CD47. Further experiments are needed to precisely understand
the mode of binding.

Next, we hypothesized that the SIRPa-oMSLN*P8 Lic-
MAD specifically binds to tumor cells in the presence of
RBCs or lymphocytes. Even with a 20-fold excess of RBCs
or tenfold excess of lymphocytes, the SIRPa-aMSLN*P®
LicMAD was specifically bound to tumor cells. By contrast,
the aCD47 mAD bound significantly more RBCs than tumor
cells (Fig. 3d) and did not discriminate between tumor cells
and lymphocytes (Fig. 3e).

These data show that the SIRPa-aMSLN LicMADb binds
specifically to MSLN-expressing tumor cells, a profile for
potentially minimizing CD47-related on-target off-tumor
toxicity.

The SIRPa-aMSLN LicMAb mediates ADCC
against tumor cells

Next, we investigated the potency of LicMAbs to induce
NK-cell-mediated ADCC by noninvasive, real-time cel-
lular impedance measurements (xCELLigence). Repro-
ducible ADCC against OVCAR-3 cells was monitored as
decreased impedance values (normalized cell index) over
time (Fig. 4a). For comparability reasons, the area under
curve (AUC) was calculated per condition and showed an
E: T-dependent decrease, particularly pronounced for the
SIRPa-aMSLN*P® LicMAb. A high-affinity «CD47 IgG1
mAD (hSF9-G1) served as a positive control and gave the
lowest and E: T-independent AUC (Fig. 4b). After 4 h in
co-culture with NK cells, the OVCAR-3 cells had lysed
in a dose-dependent manner. The SIRPa-aMSLN*P®
and SIRPa-aMSLNM*FS LicMAbs achieved 92% lysis
(EC5,=0.003 nM) and 100% lysis (EC5,=0.003 nM),
respectively, which was comparable to the aCD47 (h5F9-
G1) mAb (96.4%). The aMSLN*?® and aMSLNM* showed
lower maximum overall lysis (79.5% and 81.1%, respec-
tively) and up to 70-fold higher ECj, values, underlining
the greater cytotoxic potency of the LicMAbs (0.216 and
0.019 nM, respectively; Fig. 4c).

In parallel, we confirmed NK-cell-mediated lysis by
MPFC (Supplementary Figure S5). SIRPa-aMSLN Lic-
MAbs induced comparable dose-dependent killing of
OVCAR-3 and SUIT-2-MSLN cells. Due to high CD47
expression on OVCAR-3 cells, h5F9-G1 exhibited robust
cytotoxicity of OVCAR-3 cells at lower concentrations.
However, the SIRPa-aMSLN LicMAb achieved compa-
rable maximum lysis (Supplementary Figure S5a). In con-
trast, hSF9-G1 mediated decreased dose-dependent lysis
of SUIT-2-MSLN cells based on a lower CD47 expression
(Supplementary Figure S5b). As expected, magrolimab
did not induce cytotoxicity of SUIT-2-MSLN cells as the
IgG4 scaffold minimizes Fc-dependent effector functions
[21]. Nevertheless, CD47"&" OVCAR-3 cells are lysed by
magrolimab similarly to xMSLN mAbs (Supplementary Fig-
ure S5a). In that regard, high levels of CD47 seem to support
ADCC by targeting IgG4 molecules [22]. The cytotoxic-
ity data is further supported by a dose-dependent activation
and degranulation of NK cells in co-culture with OVCAR-3
and SUIT-2-MSLN cells (Fig. 4d,e; Supplementary Fig-
ure S5c¢,d). Notably, the MSLN*P® and aMSLNM*™ mAbs
showed improved cytotoxicity as well as NK-cell activation
and degranulation in comparison to the sMSLN IgG1 mAb
amatuximab (Fig. 4, Supplementary Figure S5). These data
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Fig.3 The SIRPa-aMSLN LicMAb avoids on-target off-tumor bind-
ing. The binding to red blood cells (RBCs, a), neutrophils (b), or
lymphocytes (¢) in a serial dilution (0.001-100 nM) of the indicated
antibodies was evaluated by flow cytometry (n=3-6). In competi-
tive binding assays, a 20-fold excess of CD47P** RBCs (d, gray bar)
or tenfold excess of lymphocytes (e, gray bar) was co-cultured with

demonstrate the robust capacity of the SIRPa-aMSLN Lic-
MAD to kill solid tumor cell lines.

The SIRPa-aMSLN LicMADb is effective
in the presence of soluble MSLN

MSLN is anchored to the plasma membrane by a glyco-
syl-phosphatidylinositol linkage. However, shed MSLN
can be found in sera from EOC and mesothelioma
patients and, thus, represents a potential antigen sink
to MSLN-targeting therapies [23]. First, we measured
the MSLN concentrations in the serum and ascites of
EOC patient samples and in the supernatant of cultured
ascites and patient-derived organoids (Supplementary
Figure S6a). We detected a median of 26.3 ng/ml sol-
uble MSLN in the serum of EOC patients. Unexpect-
edly, reduced soluble MSLN was detected in fresh and
cultured ascites of EOC patients and patient-derived

@ Springer

OVCAR-3 (left) or SUIT-2-MSLN (right) target cells (black bars).
Binding was evaluated by flow cytometry in the presence of antibod-
ics (100 nM; n=>5). Data represent the mean + SEM. Statistical analy-
sis was performed using a 2way ANOVA and Sidak's multiple com-
parisons test. ns =not significant; ***¥*p <0.0001

organoids (median 5.4 ng/ml, 5.0 ng/ml, and 260 pg/
ml, respectively). Next, we aimed to mimic shed MSLN
using recombinant human MSLN (thMSLN) and evaluate
the functional capacity of the SIRPa-aMSLN LicMAb in
its presence. To induce competition in vitro, we titrated
rhMSLN to detect the saturated concentration, which
inhibited MSLN binding. A concentration of 2.5 pM
rhMSLN, at least 2000-fold higher than published data,
completely abolished the binding of aMLSNM*F> mAb
to SUIT-2-MSLN cells, whereas binding of the SIRPa-
aMSLNM*F> [ icMAD was detected, albeit 40% reduced
and with a 20-fold lower ECy, value (Supplementary
Figure S6b, c¢). Subsequently, we analyzed the impact of
rhMSLN in functional assays. Most strikingly, and con-
sistent with the LicMAb concept, the SIRPa-aMSLNM4FS
LicMADb was still effective in NK-cell-mediated killing of
SUIT-2-MSLN cells in the presence of thMSLN, albeit
at higher concentrations (Supplementary Figure S6d).
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Fig.4 The SIRPa-aMSLN LicMAb mediates dose-dependent
and E:T ratio-dependent ADCC of tumor cells. (a) A representa-
tive example of NK-cell-mediated ADCC against OVCAR-3 cells in
a 2:1 E:T ratio in the presence of the indicated antibodies (10 nM).
ADCC was evaluated over time using the XxCELLigence system. The
cell indices were normalized to the timepoint of antibody and NK-
cell addition. (b) The area under the curve (AUC) of the co-culture
of OVCAR-3 cells and NK cells is shown for each antibody (10 nM)
and the indicated E:T ratios. (¢) The overall lysis after 4 h co-culture

The maximum lysis was reduced from 57.5% to 45.0%
with thMSLN, and the ECj, values were increased from
0.007 to 0.239 nM. Importantly, thMSLN almost com-
pletely abolished the cytotoxicity of the conventional
aMLSNM#FS mAb. Taken together, our data support the
hypothesis that soluble MSLN entirely affects the effi-
cacy of standard aMLSN mAbs but not the multifunc-
tional SIRPax-aMSLN LicMAb.
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with serial dilutions of the indicated antibodies (0.1 pM—-10 nM) was
calculated based on the background NK-cell-mediated cytotoxicity
of OVCAR-3 cells (5:1 E:T ratio; n=4-5). The expression of CD69
(d) and CD107a (e) on the surface of NK cells after 4 h co-culture
with OVCAR-3 cells (5:1 E:T ratio) is evaluated by flow cytometry
(n=8 and n=6, respectively). Data represent the mean+SEM. Sta-
tistical analysis was performed using an ordinary one-way ANOVA;
#ikp <0.001, *#*¥kp <0.0001

The SIRPa-aMSLN LicMAb mediates
dose-dependent ADCP of tumor cells

Next, we hypothesized that LicMAbs increase the phago-
cytic activity of macrophages due to the combination of
CD47-SIRPa blockade and an IgG1 pro-phagocytic stimu-
lus. Figure 5a shows the visualization of SIRPa-aMSLN*P8-
induced phagocytosis of OVCAR-3 cells by imaging
flow cytometry. Single cells were validated as brightfield
(BF) images and successful phagocytosis as double-pos-
itive macrophages. Approximately one-third (31.8%) of
OVCAR-3 cells were phagocytosed in the presence of the
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SIRPa-aMSLN*P® LicMAb, which is enhanced versus the
aCD47 (25.4%) and aMSLN*P3 (15.7%) mAbs (Fig. 5b).
The h5F9-G4 served as the positive control to address the
maximum phagocytosis mediated by the CD47-SIRPa
blockade. In parallel, traditional flow cytometry was used for
high-throughput multi-parameter analysis of LicMAb-asso-
ciated phagocytosis as a double-positive macrophage popu-
lation (Fig. 5¢). OVCAR-3 and SUIT-2-MSLN cells treated
with SIRPa-aMSLN LicMAbs underwent comparable

CTFarRed  CFSE/CT FarRed

CT FarRed CFSE/CT FarRed

ADCP (%)

CTFarRed  CFSE/CT FarRed

dose-dependent phagocytosis (Fig. 5d, e; left). The SIRPa-
oaMSLN*P8-induced ADCP of MSLN'*"CD47"* OVCAR-3
cells was significantly greater (92.5%) compared to the
action of aCD47 mAb (72.7%) and particularly cMSLN*P8
mADb (26.1%; Fig. 5d, right). By contrast, the SIRPa-
aMSLNM#5 and aMSLNM# induced similar phagocy-
tosis of MSLN-transduced SUIT-2-MSLN cells. Notably,
magrolimab mediated only 27.1% ADCP (Fig. 5e, right).
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Fig.5 The SIRPa-aMSLN LicMAb mediates dose-dependent ADCP
of tumor cells. (a) Representative images of SIRPa-aMSLN*P5-
mediated phagocytosis of CFSEP* OVCAR-3 cells by Cell Trace
(CT) FarRed”® macrophages evaluated by imaging flow cytom-
etry. Each row shows one representative example per donor. BF:
brightficld. (b) The phagocytosed CFSEP*/CT FarRed™ OVCAR-3
population was quantified by imaging flow cytometry in the pres-
ence of the indicated antibodies (10 nM; n=3). (c) Representative
FACS plots depict ADCP in the presence of the indicated antibodies
(10 nM). The phagocytosed population is discriminated as CFSEP*/
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Calcein Red-OrangeP* population (red rectangle). (d) The frequency
of phagocytosed OVCAR-3 cells with serial dilutions of the indicated
antibodies (left; 0.1 pM-10 nM) and the normalized ADCP in the
presence of antibodies (right; 10 nM) was evaluated by flow cytom-
etry after 4 h co-culture (n=7). (e) The frequency of phagocytosed
SUIT-2-MSLN cells with serial dilutions of the indicated antibodies
(left; 0.1 pM-10 nM) and the normalized ADCP in the presence of
antibodies (right; 10 nM) was evaluated by flow cytometry after 4 h
co-culture (n=4). Data represent the mean + SEM. Statistical analysis
was performed using a one-way ANOVA; ***%p <(0.0001
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These data underline the enhanced phagocytic capacity of
the SIRPa-aMSLN LicMAbs by blocking CD47.

The SIRPa-aMSLN LicMADb is superior
to a CD47xMSLN bispecific antibody

Further, we compared the SIRPa-aMSLN LicMAb with a
CD47xMSLN bispecific antibody (bsAb) similar to the pub-
lished kA body from Hatterer et al. [24]. First, we analyzed
binding to SUIT-2-MSLN cells by MPFC (Supplemen-
tary Figure S7a). The CD47xMSLN bsAb reached similar
MEFI ratios as the SIRPa—aMSLNM*F LicMAb (16.1 and
19.3, respectively), however, with an 18-fold higher ECs,
value, due to monovalent versus bivalent MLSN binding
sites, respectively. Particularly, saturating concentrations
of soluble MSLN as an alias for MSLN shedding reduced
the binding of the CD47xMSLN bsAb by 87% in contrast
to the SIRPa—oaMSLNM* LicMAb showing 53% reduced
binding (MFI ratio 2.2 and 9.1, respectively). Next, we com-
pared the NK-cell-mediated lysis of OVCAR-3 and SUIT-2-
MSLN in a dose-dependent manner by MPFC (Supplemen-
tary Figure S7b). In contrast to the CD47xMSLN bsAb, the
SIRPa-aMSLN*P8 LicMAb exhibited robust cytotoxicity of
OVCAR-3 and SUIT-2-MSLN cells at low concentrations
with a clear benefit in efficacy for the LicMAb as shown by
an up to 900-fold reduced ECs, value. The CD47xMSLN
bsAb and SIRPa-aMSLN*P8 LicMAb achieved similar max-
imum lysis of OVCAR-3 cells (39.6% and 38.1%, respec-
tively) and SUIT-2-MSLN cells (33.7% and 46.9%, respec-
tively). Moreover, we evaluated the phagocytic capacity of
the antibody constructs (Supplementary Figure S7c, d). The
CD47xMSLN bsAb induced lower dose-dependent phagocy-
tosis of OVCAR-3 and SUIT-2-MSLN cells than the SIRPa-
oMSLN LicMAbs. While the CD47xMSLN bsAb induced
51.0% and 59.3% ADCP of OVCAR-3 cells and SUIT-2-
MSLN cells, respectively, the LicMAbs phagocytosed 85.2%
and 92.0%, respectively. These data underline the superiority
of the SIRPa-aMSLN LicMAbs to a CD47xMSLN bsAb.

The SIRPa-aMSLN LicMAb induces NK-cell-mediated
cytotoxicity of EOC organoids

To evaluate the SIRPa-aMSLN LicMAb in a model closer
to the clinical context, we assessed its cytotoxic efficacy in
primary EOC PDOs. The expression of MSLN (red) and
epithelial cell adhesion molecule (EpCAM; green) was con-
firmed by immunofluorescence staining and flow cytometry
(Fig. 6a, Supplementary Figure S8). Histochemistry revealed
a more variable MSLN staining in the native tissue com-
pared to an overall high MSLN expression in the respective
organoid (Supplementary Figure S8). Assessment of viabil-
ity in a co-culture of PDOs and NK cells in a multi-well

format ensured the technical robustness of the experimen-
tal setting. It demonstrated the high potential of SIRPa-
aMSLNM* to induce NK-cell-mediated organoid cell death
(Fig. 6b, c). A visual inspection of the interaction between
NK cells and PDOs at 24 h revealed a characteristic pattern
of cellular debris and decomposed fragments in SIRPa-
aMSLNM#F5_containing conditions (Fig. 6b). The ability of
the STRPa-aMSLNM* LicMAD to activate NK cells and
initiate organoid disintegration and cytotoxicity was also
visualized by live-cell imaging (Supplemental video). Fur-
thermore, after 48 h of SIRPa-aMSLNM*F5 LicMAb treat-
ment, the total luminescence intensity was consistently lower
than with magrolimab or e MSLNM*F3_ confirming the larg-
est decrease in living cells (Fig. 6¢). These data validate the
cytotoxic capacity of the SIRPa-aMSLN LicMAD in a more
clinically relevant model.

Discussion

In this study, we prepared two preclinical LicMAD constructs
(4D8 and M4F5) that induced an innate immune response
restricted to MSLN-expressing solid cancers. Moreover, by
cancer-directed CD47 blockade, we abolished CD47-related
on-target off-tumor toxicities.

CD47 was first reported as a promising target antigen
in the context of hematologic malignancies. In this con-
text, antibodies blocking CD47 indicated phagocytosis as a
primary mode of action and showed robust antitumor effi-
cacy [7, 8]. However, based on recent phase III trial data on
magrolimab in the context of AML, further development
was deemed futile and terminated. Although we await full
reports, the first preliminary data of the multi-center inter-
national trial revealed increased toxicity due to on-target
off-leukemia effects [25]. Furthermore, the combination
with a hypomethylating agent to provide the pro-phagocytic
signal [25], necessary to enable high phagocytosis rates [26],
might not be the optimal approach. Other combinatorial
approaches using mAbs as additional pro-phagocytic stimuli
showed synergistic antitumor efficacy in hematologic [15]
and solid cancers [27, 28]. Subsequently, bsAbs targeting
a TAA and blocking the CD47-SIRP«x axis to dampen on-
target off-tumor toxicities in solid tumors, were developed.
Targeted TAAs include human epidermal growth factor
receptor 2 (HER2) [29], epidermal growth factor receptor
(EGFR) [30], and programmed death ligand 1 (PD-L1) [31].
CD47xMSLN bsAbs have been generated as kA bodies with
an aMSLN A-light chain and an «CD47 «-light chain [32,
33], which are currently being investigated in a phase I clini-
cal trial [24].

We translated the concept of multifunctionality from
hematologic [16, 17, 34] to solid tumors by fusing the low-
affinity SIRPa domains to an antibody targeting MSLN
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Fig.6 The SIRPx-oMSLN LicMAb enables NK-cell-mediated
cytotoxic effects of EOC patient-derived organoids. (a) Representa-
tive immunofluorescence images of EOC patient-derived organoids
(PDOs; biobank reference HGSO_6) expressing MSLN (red, left)
and epithelial cell adhesion molecule (EpCAM, green, middle) and
a merged image with DNA (blue, right). Scale bar: 50 pm. (b) Rep-
resentative phase-contrast images of EOC PDOs (biobank reference
HGSOC_35) after 24 h co-culture with NK cells (E:T ratio 5:1) and
indicated antibodies (50 nM). Red arrows indicate cellular debris

with high affinity. MSLN is a promising TAA as its expres-
sion levels are high on solid tumors, such as EOC and
PDAC but limited on healthy cells. Furthermore, target-
ing MSLN prevents its interaction with cancer antigen
CA-125, which has been implicated in supporting metas-
tases [18]. Hence, several MSLN-targeting strategies, such
as mAbs [35], antibody—drug conjugates (ADCs) [36], or
chimeric antigen receptor T cell (CAR T) cells, [37] have
been evaluated in clinical trials. Although amatuximab
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from organoids, as killing leads to the breakage of cell junctions
and loss of epithelial architecture. The experiment is representative
of 10 independent experiments with three different donor PDO lines
showing the same pattern of SIRPa-aMSLNM# activity. Scale bars:
500 pum (c) Quantification of viable cells by Cell Titer glow depicting
the total luminescence intensity after incubation of EOC PDOs with
NK cells at an E: T ratio of 5:1 and indicated antibodies (50 nM) after
48 h (n=3, biobank reference HGSOC_35, HGSO_20, HGSO_6).
Data represent the mean + SEM.

was well tolerated in MSLNP®® tumor patients [35], only
its combination with chemotherapy gave beneficial results
in mesothelioma patients [38].

Notably, MSLN shedding is a mechanism by which
high concentrations of MSLN accumulate in the serum of
EOC and mesothelioma [23]. Indeed, we detected solu-
ble MSLN in the EOC patients’ serum, in line with the
literature [23, 39], and fivefold less in the ascites. Inter-
estingly, Okta et al. detected nearly tenfold greater levels
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of soluble MSLN in peritoneal fluid (622.8 pg/ml) ver-
sus plasma (81.6 pg/ml) of advanced EOC patients [40].
However, these plasma concentrations are 300-fold lower
than our data. To address the risk of shed MSLN acting as
an antigen sink, we evaluated the binding and cytotoxic-
ity of SIRPa-aMSLN LicMAb in the presence of solu-
ble rhMSLN. As the clinically relevant concentrations
are rather low and vary between patients and samples, a
saturating concentration of rhMSLN was used to ensure
challenging assay conditions in vitro. Although the func-
tional capacity of an aMSLN mAb is highly reduced, the
SIRPa-aMSLN LicMAb was still effective, albeit at higher
concentrations. We suppose the avidity effects by binding
MSLN and CD47 multivalently as the reason for main-
taining the binding of the LicMADs to target cells. Thus,
bifunctional approaches such as using LicMAbs might
maintain the therapeutic window even in the presence of
shed MSLN and support MSLN and CD47 as promising
targets to treat EOC. Furthermore, the clinical evaluation
of CD47xMSLN kA bodies [24] highlights the combined
targeting of MSLN and CD47 as an encouraging strat-
egy. Importantly, compared to the CD47xMSLN bsAb,
SIRPa-aMSLN LicMAbs demonstrated enhanced binding,
particularly in the presence of soluble MSLN, as well as
increased cytotoxicity and phagocytosis.

The antitumor efficacy of the SIRPa-aMSLN LicMAb is
based on IgG1-induced NK-cell activation to effect ADCC
and the simultaneous stimulation of phagocytic cells, such
as macrophages, to mediate ADCP. Indeed, we confirm
consistent cytotoxic and phagocytic activity against EOC
and PDAC cell lines. Furthermore, we demonstrate the
effective induction of cell death in organoids derived from
EOC patients in co-culture with NK cells. Importantly, the
SIRPa-aMSLN LicMAb induced more cytotoxicity and
phagocytosis than the controls amatuximab and magroli-
mab. Using two different tumor cell lines emphasizes the
reliable potency of the LicMAbs, independent of the anti-
gen expression level. We hypothesize that these findings are
transferrable to other MSLN-expressing solid tumor entities.

Notably, MSLN was more uniformly expressed in patient-
derived organoids than in respective native cancer tissue.
As organoids are derived from the tumor’s progenitor popu-
lation, our data suggest that MSLN is associated with the
stemness compartment driving tumor growth. Hence, the
specific and enhanced killing activity against PDO cells
of the LicMAb in comparison to magrolimab supports the
interpretation that this multifunctional antibody may be
advantageous to treat long-term tumor growth potential.

Elevated expression levels of CD47 on healthy cells,
notably RBCs, thrombocytes, and PBMCs, pose a con-
cern for on-target off-tumor toxicity [4]. Thus, phagocytic
anemia was one of the most adverse events in patients
receiving CD47-targeting agents, and neutropenia and

thrombocytopenia were also frequently observed [9]. Not
surprisingly, highly CD47-expressing lymphocytes were tar-
geted at high concentrations of the SIRPa-aMSLN LicMAb
but less prominent than the high-affinity «CD47 mAb. More-
over, based on the unspecific binding of the xsMSLN mAb
at high concentrations, the LicMAb binding might rely on
avidity effects by binding sites to MSLN and CD47. How-
ever, the SIRPa-aMSLN LicMAb did not bind to RBCs,
the most abundant cells in the blood, nor to neutrophils.
Most importantly, in competition, tumor cells were specifi-
cally targeted while binding to RBCs and lymphocytes was
absent. In addition, reduced platelet aggregation lowers the
risk of thrombocytopenia. This is in sharp contrast to a high-
affinity aCD47 construct [41] and underlines the potential
of the LicMAb to minimize toxicity. Furthermore, a poten-
tial antigen sink effect is avoided because the low-affinity
binding characteristics of the fused SIRPa domain prevent
unspecific CD47 binding. This further enhances the efficacy
of the SIRPa-aMSLN LicMAD therapeutic approach.

CD47-targeting synergizes with the cytotoxicity of
agents such as chemotherapies [42], stimulator of interferon
genes (STING) agonists [43], and poly (ADP-ribose) poly-
merase inhibitors (PARPi) [44] that are known to induce
immunogenic cell death and thereby lead to upregula-
tion of pro-phagocytic ligands [44]. Thus, combinatorial
approaches might increase the response rates of EOC and
PDAC patients. Moreover, as adaptive ICIs such as aPD-1/
oPD-L1 did not improve response rates in these patients
[2, 3], the combination with innate CD47 blockade using
LicMAbs might synergize analogously with other cancer
entities [45, 46]. It is known that CD47-targeting leads to
an adaptive immune reaction by T cells [47]. In that regard,
the LicMAb might also induce cross-presentation to T cells
by antigen-presenting cells, resulting in long-lasting anti-
tumor effects. Future studies are awaited to validate this
mechanism, which might lead to long-term tumor control.
Furthermore, an inflammatory microenvironment with high
IL-2 levels can activate NK cells and induce SIRPx upregu-
lation as an inhibitory pathway [48]. This additional mode of
action could be targeted by the LicMAbs, further highlight-
ing them as a promising concept.

A limitation of our study is the focus on ex vivo data.
Immunotherapy is beset by the lack of suitable immuno-
competent animal models that allow human-specific bind-
ing domains to be tested. Hence, either humanized NSG
mouse models injected with human cancer cell lines and
effector cells serve as surrogates or murine antibody con-
structs would have been necessary. Each model system
has limitations, and we opted for validation in the human
organoid model, an advantageous research tool over mouse
models regarding applicability and practicability, laboratory
workload and costs, ethics, and high-throughput screening
options [49]. Accordingly, the efficient cytotoxic effects of
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primary EOC organoids validate the LicMAb in a more clin-
ically relevant 3D model. However, humanized NSG mouse
models with orthotopic cancer inoculation remain important
for future studies to expand the preclinical evaluation and
toxicity assessments of LicMAbs.

In summary, our SIRPa-aMSLN LicMAb constructs
show promising activity without on-target off-tumor toxicity
in preclinical models. Hence, our data supports the further
development of a SIRPa-aMSLN LicMADb for evaluation
in early clinical trials on advanced ovarian and pancreatic
cancer patients.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00262-025-04032-0.
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enhance the clearance of AML-initiating cells
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Abstract

Background: Acute myeloid leukaemia (AML) stem cells (LSCs) cause disease relapse. The CD47 “don't eat me
signal”is upregulated on LSCs and contributes to immune evasion by inhibiting phagocytosis through interacting
with myeloid-specific signal regulatory protein alpha (SIRPa). Activation of macrophages by blocking CD47 has been
successful, but the ubiquitous expression of CD47 on healthy cells poses potential limitations for such therapies.

In contrast, CD123 is a well-known LSC-specific surface marker utilized as a therapeutic target. Here, we report the
development of SIRPa-aCD123 fusion antibodies that localize the disruption of CD47/SIRPa signalling to AML while
specifically enhancing LSC clearance.

Methods: SIRPa-aCD123 antibodies were generated by fusing the extracellular domain of SIRPa to an aCD123 anti-
body. The binding properties of the antibodies were analysed by flow cytometry and surface plasmon resonance. The
functional characteristics of the fusion antibodies were determined by antibody-dependent cellular phagocytosis and
antibody-dependent cellular cytotoxicity assays using primary AML patient cells. Finally, an in vivo engraftment assay
was utilized to assess LSC targeting.

Results: SIRPa-aCD123 fusion antibodies exhibited increased binding and preferential targeting of CD123" CD47+
AML cells even in the presence of CD477 healthy cells. Furthermore, SIRPa-aCD123 fusion antibodies confined disrup-
tion of the CD47-SIRPa axis locally to AML cells. In vitro experiments demonstrated that SIRPa-aCD123 antibodies
greatly enhanced AML cell phagocytosis mediated by allogeneic and autologous macrophages. Moreover, SIRPa-
aCD123 fusion antibodies efficiently targeted LSCs with in vivo engraftment potential.

Conclusions: SIRPa-aCD123 antibodies combine local CD47 blockade with specific LSC targeting in a single mol-
ecule, minimize the risk of targeting healthy cells and efficiently eliminate AML LSCs. These results validate SIRPa-
aCD123 antibodies as promising therapeutic interventions for AML.

Keywords: CD47, Acute myeloid leukaemia, CD123, Leukemic stem cells, Phagocytosis, Immunotherapy

Background
Therapeutic options for acute myeloid leukaemia
(AML) are limited, and the majority of patients relapse

*Correspondence: nfenn@genzentrum.Imu.de; hopfner@genzentrum.Imu.de due to persistent chemorefractory LSCs [1-3]. Tar-
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remission. CD47 is an innate immune checkpoint
upregulated on LSCs, where it functions as a “don’t
eat me” signal by interacting with SIRPa on myeloid
cells [4—6]. The first in class CD47-blocking antibody,
magrolimab (Hu5F9-G4), was evaluated as a mono-
therapy in AML in a phase 1 trial (NCT02678338) [7,
8]. However, preclinical data support the combina-
tion of magrolimab with pro-phagocytic signals, such
as activation of Fcy receptors (FcyR) on macrophages
or expression of calreticulin on target cells [8-12].
Magrolimab has consequently been combined with
calreticulin-inducing azacytidine in a phase 1b trial
including untreated AML patients unfit for chemo-
therapy and patients with intermediate to very high-
risk myelodysplastic syndrome (MDS) [8, 13]. The
combination demonstrated encouraging results; 64%
of AML patients achieved an objective response (OR),
while 56% achieved complete remission (CR) or CR
with incomplete haematological recovery. In patients
with high-risk MDS, 91% had an OR, and 42% had a
CR (NCT03248479).

Nevertheless, CD47 is ubiquitously expressed on
healthy cells as well, which generates an antigen sink
lowering the effective dose and comprising a potential
site of toxicity for aCD47 therapies [14, 15]. Combining
the CD47 blocking domain, such as endogenous SIRPa,
with a cancer-specific antibody in a single molecule
can restrict the blockade of CD47 locally on antigen-
expressing cells [16—18].

Similar to CDA47, the interleukin-3 receptor alpha
chain (CD123) is upregulated on AML LSCs and is
associated with increased proliferation of AML cells
and a poor prognosis [19-21]. Furthermore, high CD47
and CD123 coexpression has been demonstrated to
correlate with AML chemoresistance [22]. These stud-
ies suggest that dual targeting of CD123 and CD47
could reduce the LSC count and enhance the rate and
duration of response in AML patients.

To improve AML LSC targeting and clearance, we
fused an aCD123 antibody with the endogenous N-ter-
minal SIRPa immunoglobulin V-like domains and
generated 1 x SIRPa-aCD123 and 2 x SIRPa-aCD123
fusion antibodies. Both of our antibodies exhibited
improved binding to CD123" CD47" cells and stimu-
lated efficient natural killer (NK) cell-mediated lysis
of AML compared to the conventional aCD123 anti-
body in vitro. Importantly, SIRPa-aCD123 fusion
antibodies blocked CD47 locally on CD123" cells and
induced phagocytosis of primary AML cells by alloge-
neic and autologous macrophages in vitro. Finally, the
2 x SIRPa-aCD123 antibody targeted LSCs that are
capable of engrafting and reinitiating AML in an in vivo
model.
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Materials and methods

Expression and purification of the antibodies

aCD123 antibody light and heavy chain plasmids were
generated by cloning the aCD123 variable light (V)
and variable heavy (V};) sequences of talacotuzumab
[23] into the respective pFUSE2-CLIg-hK and pFUSE-
CHIg-hG1 vectors (InvivoGen). For 1 x SIRPa-aCD123
and 2 x SIRPa-aCD123, one or two N-terminal SIRP«
variant 1 immunoglobulin V-like domains (amino acids
31-149) were subcloned from a previously described con-
struct [18] into the N-terminus of the «CD123 V| using a
(Gly,Ser), linker. The aCD19 V| and Vy plasmids (clone
4G7) were cloned to generate the control molecules. The
aCD47 (clone Hu5F9) V| and Vy sequences [24] were
subcloned into pFUSE2-CLIg-hK and pFUSE-CHIg-hG4,
respectively. The SIRPa-Fc fusion construct (similar to
TTI-621) [25] was generated by fusing the N-terminal
V domain of human SIRPa variant 2 [26] to the human
IgG1 Fc region of a pFUSE-CHIg-hG1 vector (Invivo-
Gen). The plasmids were transfected into Expi293F cells
(Thermo Fisher Scientific) according to the manufac-
turer’s protocol. After five to seven days, the supernatant
was harvested, and antibodies were purified by protein A
affinity chromatography followed by size exclusion chro-
matography using a Superdex 200 increase 10/300 GL
column (GE Healthcare). Antibodies were analysed by
sodium dodecyl sulphate (SDS) polyacrylamide gel elec-
trophoresis, and stability was measured using a Tycho
NT.6 (NanoTemper Technologies). The coding sequence
for the CD123 extracellular domain was amplified by
PCR from complementary DNA of L-428 cells and sub-
cloned into pSecTag2/HygroC containing a Hisg-tag
(Thermo Fisher Scientific). CD123 was expressed in
Expi293F cells and purified by nickel affinity chromatog-
raphy and size exclusion chromatography.

Surface plasmon resonance analysis

Binding of the aCD123 antibodies to CD123 was meas-
ured using a Biacore X100 (Biacore). Antibodies were
captured on a CM5 sensor chip using the Human Anti-
body Capture Kit (both GE Healthcare). CD123 was used
at concentrations of 3.91-1000 nM, and equilibrium dis-
sociation constants (K,) were calculated from the ratio
of the rate constants (k,k,,) of the multicycle kinetics
measurements using Biacore Evaluation software.

Celllines

All cell lines were cultured under standard conditions.
MOLM-13 and Raji cells were purchased from the
Deutsche Sammlung von Mikroorganismen und Zellkul-
turen (DSMZ). Chinese hamster ovary (CHO) cells stably
overexpressing human CD47 were previously generated
[18]. Expi293F cells were obtained from Thermo Fisher
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Scientific. Cell lines were routinely screened for myco-
plasma contamination.

Patient and healthy donor material

At initial diagnosis or relapse, AML patient samples were
characterized at the Laboratory for Leukemia Diagnos-
tics of the Klinikum der Universitdt Miinchen as previ-
ously described [27-29]. Peripheral blood mononuclear
cells (PBMCs) were isolated from healthy donor (HD)
blood or residual cells of leukoreduction chambers
by Biocoll (Biochrom). RBCs were collected from HD
peripheral blood. Platelet-rich plasma (PRP) was isolated
from HD peripheral blood by centrifugation at 200xg
for 20 min at 25 °C. In the binding studies, platelets
were isolated from PRP in the presence of prostaglandin
E1 (Merck). For patient-derived xenograft (PDX) cells,
AML patient cells were serially transplanted into NOD/
SCID gamma null mice (NOD.Cg-Prkdc*“ IL2rg"™!Wil/
Sz], NSQG). PDX cells were transduced with luciferase and
mCherry lentiviral constructs for bioluminescence imag-
ing [23]. For ex vivo experiments, PDX cells were grown

Table 1 Patient characteristics
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in StemPro-34 medium with 2% FBS, L-glutamine and
penicillin—streptomycin (all Gibco) supplemented with
rhIL3, rhTPO, rhSCF (all Peprotech) and rhFLT3-ligand
(R&D Systems). Patient characteristics are summarized
in Table 1 and Additional file 1: Table S1.

Antibodies and flow cytometry

Commercial antibodies were from Biolegend (San Diego)
unless otherwise stated. Human IgG1 isotype control
(QA16A12) and aCD47 (B6H12, eBioscience) were used
in binding, CD47 blocking and functional experiments.
FITC or APC o human IgG (ahIgG, HP6017) was used
for binding, and FITC aCD47 (B6H12, eBioscience) was
used in CD47 blocking experiments for secondary stain-
ing. APC and FITC isotype (MOPC-21), APC aCD123
(6H6) and FITC aCD47 (B6H12) were used for surface
expression analysis. Surface antigen density was evalu-
ated using QIFIKIT (Agilent Technologies). Flow cytom-
etry was performed using the Guava easyCyte 6HT
(Merck Millipore), the Cytoflex LX (Beckman Coulter)
or the BD LSRFortessa (Becton Dickinson). As a measure

Patient Age Sex Disease Karyotype ELN genetic group FLT3-ITD NPM1
status

0276 29 F D Aberrant Adverse wt wt
2562 52 M D Intermediate aberrant na. wt wt
3140 74 M D Normal Intermediate wt wt
3073 54 M R Normal Favourable wt wt
1233 49 F ID Complex aberrant Adverse mut mut
3826 85 M D Aberrant Adverse wt wt
2449 30 F ID Aberrant Favourable wt wt
4169 20 M D Aberrant Intermediate wt wt
0178 56 F D Complex aberrant Favourable wt wt
3386 52 M D Normal Favourable wt mut
3776 35 F D Normal Favourable wt wt
3221 59 M D Normal Favourable wt mut
3495 58 M D Normal Favourable mut wt
0885 74 F ID Normal Intermediate mut mut
4321 50 F ID Normal Intermediate mut mut
6789 68 M D Normal Favourable mut wt
0252 84 F ID Aberrant Favourable mut mut
1421 66 F D Aberrant/normal Adverse wt wt
0682 56 F ID Complex aberrant Adverse wt wt
7782 76 M ID Complex aberrant Adverse wt wt
5964 87 F D Complex aberrant Adverse wt wt
AML-491 3] 53 F R del(7)(g21) Adverse wt wt
AML-579 [3] 51 M R Normal Adverse mut, LOH mut
AML-640 79 M R t(11;15) Intermediate mut mut
AML-979 56 F R Normal na. wt+mut subclone mut

European LeukemiaNet (ELN), initial diagnosis (ID), relapse (R), not available (n.a.), wild type (wt), mutated (mut), loss of heterozygosity (LOH), female (F), male (M)
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of antibody binding, the median fluorescence intensity
(MFI) ratio was calculated by dividing the MFI of the
tested antibody by the MFI of the corresponding isotype.
Antibodies were considered to bind the cells if the inten-
sity exceeded an MFI ratio of 1.5.

Competitive binding assays

PKH26 (Sigma-Aldrich)-labelled MOLM-13 was incu-
bated with a 20-fold excess of red blood cells (RBCs)
and antibodies. APC ahlgG (HP6017) or APC amlgG
(Poly4053) was used for secondary labelling. For assays
with PBMCs, calcein AM (Thermo Fisher Scientific)
or CellTrace™ calcein red-orange AM (Thermo Fisher
Scientific)-labelled MOLM-13 cells were incubated
with a fivefold excess of PBMCs and antibodies. APC or
FITC ahlgG (HP6017) was used for secondary antibody
labelling.

Platelet aggregation

PRP was centrifuged at 15,000xg for 2 min to
obtain platelet-poor plasma (PPP). PRP was incu-
bated in the presence of 100 nM antibodies, and
absorbance was measured at 595 nm using an Infi-
nite M100 plate reader (TECAN) for 16 min.
The percentage of aggregation was calculated as

. OD PRP - OD s: 1
([pla]telet aggregation[%] = 100 x (OD PRP - OD sample) {OD PRP Eosa;;,%)c))
30].

Antibody-dependent cellular phagocytosis (ADCP) assay
Monocytes were enriched using a classical monocyte
isolation kit (Miltenyi) and were differentiated into
macrophages in the presence of 100 ng/ml MCSF (Bio-
legend) for 5-7 days. Macrophages were labelled with
calcein AM and incubated with CellTrace™ calcein red-
orange AM-labelled target cells and antibodies at 50 pM
or 50 nM for 3 h at 37 °C at a 1:1 effector-to-target (E:T)
ratio.

Antibody-dependent cellular cytotoxicity (ADCC) assays

NK cells were enriched using a NK cell isolation kit (Milte-
nyi). MOLM-13 cells were labelled with calcein AM and
incubated with NK cells and antibodies for 4 h at 37 °C at a
5:1 E:T ratio. In the competitive ADCC assay, NK cells were
incubated with labelled MOLM-13 or Raji cells mixed with
unlabelled Raji or MOLM-13 cells, respectively, at a 5:1:1
E:T:T ratio. Triton X-100 (2.5%, Sigma-Aldrich) was used
for maximum lysis. Fluorescence intensity (FI) from calcein
AM release was measured using an Infinite M100 plate
reader, and lysis was calculated as

. . FI(antibody stimulation) —FI(untreated)
%] —
gpecific lysis[%] = 100 x Fl{max) —Fl(target)

Data were fitted to a four-parameter dose—response curve.
ADCC assays of AML patient samples were performed
in a-MEM (Thermo Fisher Scientific) supplemented with
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12.5% foetal calf serum, 12.5% horse serum, 1% penicil-
lin, 1% streptomycin, 1% glutamine (Invitrogen) and a
distinct cytokine cocktail on irradiated MS-5 cells in a
long-term culture as described elsewhere [31, 32]. AML
cells were incubated with HD NK cells and 10 nM anti-
bodies for 20 h at 37 °C at a 5:1 E:T ratio. Dead cells
were excluded as 7-AAD (BioLegend) or LIVE/DEAD"™
Fixable Aqua (Thermo Fisher Scientific)-positive cells.
CD33" or CD123" AML cells were determined by
BV421, APC ahCD33 (WM53) or PE «hCD123 (6H6)
labelling, respectively. Additionally, APC-Cy7 or FITC
ahCD69 (FN50) and the corresponding isotype control
(MOPC-21) were used to determine the percentage of
CD69" cells. In some experiments, NK cells were labelled
with CellTrace™ CFSE or CellTrace™ Far Red (both
Thermo Fisher Scientific) according to the manufactur-
er’s recommendations. Cell populations were assessed
by flow cytometry, and the percentage of viable CD33™
or CD123" AML cells was normalized to the human
IgG1 isotype control sample. The percentage of CD69™
cells was normalized to the human IgG1 isotype control
sample.

In the AML PDX ADCC, AML-491, AML-979, and
AML-640 were incubated with NK cells and 100 nM
antibodies for 20 h at 37 °C at a 5:1 E:T ratio. Cells were
labelled with LIVE/DEAD Fixable Aqua, and the pro-
portion of live mCherry™ cells was determined by flow
cytometry and normalized to the isotype control.

In vivo engraftment experiments

To evaluate the targeting of AML cells with leukae-
mia-initiating properties, ex vivo NK cell-mediated
ADCC was performed using the aCD123 antibody, the
2 x SIRPa-aCD123 fusion antibody or isotype antibody
as a control, and surviving cells were used in an in vivo
engraftment experiment. To this end, PDXs AML-491
and AML-579 [33, 34] were incubated with HD NK
cells at an E:T ratio of 5:1 and antibodies for 20 h. After
ADCC, residual mCherry™ PDX cells were separated
from NK cells and quantified by fluorescence-activated
cell sorting (FACS) using a FACSAria III (BD Bio-
sciences). According to previous data [34] and assum-
ing that the isotype control antibody did not alter LIC
frequency, we injected cell numbers corresponding to 10
leukaemia-initiating cells (10 x LIC, n=5) and 100 x LIC
(n=5) for AML-491 or 14 x LIC (n=4) and 140 x LIC
(n=2) for AML-579 by counting and diluting sorted
cells of the isotype control suspensions. To enable com-
parison between the groups, equal volumes of aCD123
and 2 x SIRPa-aCD123 antibody ex vivo cell suspen-
sions were sorted and injected intravenously into 10- to
12-week-old male (AML-491) or female (AML-579) NSG
mice. Positive AML engraftment was analysed by in vivo
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bioluminescence imaging (BLI), and total flux was quan-
tified as previously described [33]. Mice exhibiting a
total flux greater than 5 x 107 photons per second were
classified as exhibiting positive engraftment; mice dis-
playing no positive imaging signal within 28 weeks after
transplantation were classified as negative for engraft-
ment. To evaluate the percentage of human CD33" cells
in peripheral blood, PE anti-human CD33 (WM53, BD
Biosciences) and PE isotype control (MOPC-21, BD Bio-
sciences) were used. Mice exhibiting any clinical signs
of illness or end-stage leukaemia (total flux>2 x 10%°
photons/s; hCD33™ cells in peripheral blood >50%) were
euthanized. Three mice died in narcosis during imaging
and were counted as positive according to the last imag-
ing signal or were excluded if not engrafted.

Data analysis

Statistical evaluation was performed using GraphPad
Prism versions 6.07 and 8.1.2 (GraphPad). Datasets were
analysed using one-way analysis of variance (ANOVA)
including a test to determine equal variances within the
groups and correction for multiple testing using Holm-
Sidak’s test. Chi-squared test was used to determine
whether there is a statistically significant difference in the
growth of engrafted AML PDX cells. A Kaplan—Meier
plot was generated to depict AML engraftment and sur-
vival by treatment group, and significance was assessed
using the log-rank Mantel-Cox test. Extreme limiting
dilution analysis was performed using the injected cell
number and number of AML engrafted mice as inputs
as previously described [35] (Figure 7; Additional file 1:
Table S2). The results were considered statistically sig-
nificant at the following values and are marked in the
figures as follows: p value<0.05 (*),<0.01 (**),<0.001
(*+%), < 0.0001 (****).

Results

Generation and characterization of SIRPa-aCD123 fusion
antibodies

The 1 x SIRPa-aCD123 recombinant antibody was
generated by fusing the N-terminal SIRPa immuno-
globulin V-like domain to the aCD123 antibody light
chain via a flexible polypeptide linker (Fig. 1A). Like-
wise, for 2 x SIRPa-aCD123, a second SIRPa domain
was connected to the N-terminus of 1 X SIRPa-aCD123
(Fig. 1A). Antibodies were produced in Expi293F cells,
purified from cell culture supernatants and analysed by
size exclusion chromatography and SDS-polyacryla-
mide gel electrophoresis (Additional file 1: Figure S1A-
B). Thermal stability was assessed by measuring changes
in the intrinsic fluorescence of the proteins using Tycho
NT.6 (Additional file 1: Figure S1C). To investigate
whether the N-terminal fusion of the SIRPa domains
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alters the binding to CD123, we determined the Kj, val-
ues using a Biacore assay. The K}, values were in the low
nanomolar range for all constructs, indicating that the
high affinity for CD123 was not affected by the fusion of
the SIRPa domains (Fig. 1B). We further evaluated bind-
ing of the antibodies to CHO cells stably overexpressing
human CD47 (hCD47) by flow cytometry (Table 2). As
expected, 1xSIRPa-aCD123 and 2 x SIRPa-aCD123
bound to"CHO_hCD47% cells but not to “CHO_hCD47
cells (Fig. 1C). These binding experiments indicate that
the aCD123 and SIRPa domains can bind to their respec-
tive targets in the fusion antibody.

SIRPa-aCD123 fusion antibodies specifically bind

to CD1237CD47* AML cells

Next, we used the CD123* CD471 AML cell line MOLM-
13 in a flow cytometry-based binding assay to study
the dual targeting properties of the antibody constructs
(Fig. 2A, Table 2). The binding of 1 x SIRPa-aCD123 and
2 x SIRPa-aCD123 to MOLM-13 cells was stronger than
that of the «aCD123 antibody, indicating a contribution by
the SIRPa domain. The aCD19 SIRPa fusion antibodies
mediated only weak binding to CD19™ MOLM-13 cells
due to some low binding of the SIRPa domains (Fig. 2A,
Table 2). In summary, we hypothesize that the strong
binding of the SIRPa-aCD123 antibodies to MOLM-13
cells is due to avidity-dependent binding to both CD123
and CD47.

The physiological interaction of the SIRPa domain and
CD47 is approximately 100-fold weaker than the affinity
of the aCD123 antibody for CD123 [26, 36]. Therefore,
we postulated that the high affinity aCD123 drives the
preferential binding of SIRPa-aCD123 fusion antibodies
onto CD1237CD47" leukemic cells over CD123°CD47"
healthy cells. To test this hypothesis, we first utilized
RBCs as highly abundant healthy cells expressing CD47
(Fig. 2B, Table 2).

We observed selective binding to MOLM-13 cells using
the 1 x SIRPa-aCD123 antibody even in the presence of
a 20-fold excess of RBCs (Fig. 2B, C). 2 x SIRPa-aCD123,
on the other hand, was also detected on the surface of
RBCs, indicating that the additional SIRPa domains can
increase the competition between CD47" MOLM-13
cells and RBCs (Fig. 2B, C). Nevertheless, the RBC target-
ing observed for 2 x SIRPa-aCD123 was very weak, with
a binding intensity far below an MFI ratio of 1.5 (Fig. 2D).
In contrast, the high affinity aCD47 B6H12 antibody
demonstrated a substantial on-target off-leukaemia
effect, as it primarily bound to RBCs with a high MFI
ratio (Fig. 2B-D). We concluded that despite carrying
the SIRPa domains, the SIRPa-aCD123 fusion antibodies
target MOLM-13 cells more than the high affinity «CD47
and avoid the antigen sink generated by the RBCs.
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Fig. 1 SIRPa-aCD123 fusion antibodies bind to CD123 and CD47. A Structure of SIRPa-aCD123 fusion antibodies. Vi;—variable heavy, C,—
constant light, C;;;—constant heavy 1, C,,—constant heavy 2, C;;;—constant heavy 3. B Different CD123 concentrations binding to the antibody
constructs measured using SPR. Raw data are shown in red; black curves were fitted to a 1:1 interaction. K; values represent mean values from
n=3independent experiments & standard error of the mean (SEM). C Binding of antibodies to CHO_hCD47+ and CHO_hCD47" cells at 100 nM
concentration measured by flow cytometry. The grey line indicates nonspecific staining of the isotype control and secondary antibody. Histograms
show 1 of 3 experiments with similar results

Table 2 Antigen expression levels

Celltype CD123 CD47 cD19

MOLM-13 1372341108 67703+3784 3042

Raji 94495 170868437029 141688+ 19997
CHO®#+ 104468 1424894+£329869 n.d.

CHOY7= 159450 532435 n.d

RBC 106+ 33 3384142221  n.d.

Determined using QIFIKIT. Data are shown as the means & SEM (n = 2-3). Not
determined (n. d.)

In another set of experiments, we investigated the
selective binding of our antibodies to MOLM-13 cells in
the presence of HD PBMCs (Fig. 2E). From PBMCs, plas-
macytoid dendritic cells express CD123 and are targeted
by the aCD123 antibody CSL362 [37]. We also found
that some of our aCD123 binds to PBMCs; however,
the majority of the antibodies still bound to MOLM-13
cells (Fig. 2E). The 1 x SIRPa-aCD123 antibody bound
PBMCs to a considerable extent, but higher selective
binding to MOLM-13 cells was observed compared to
the aCD47 Hu5F9-G4 clone. 2 X SIRPa-aCD123 targeted
MOLM-13 cells similarly to aCD47 Hu5F9-G4. However,
when we analysed binding of the antibodies to PBMCs
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alone, we observed that our fusion antibodies bound
PBMCs significantly less than the aCD47 Hu5F9-G4
and B6H12 antibodies (Fig. 2F). These data indicate that
although our fusion antibodies seem to target PBMCs
more than RBCs, they bind to PBMCs to a lesser extent
than the high affinity «CD47 antibodies.

In addition to binding to RBCs, CD47-targeting agents
have been reported to bind platelets and interfere with
their function [38, 39]. We therefore investigated whether
our SIRPa-aCD123 fusion antibodies target platelets and
induce their aggregation (Fig. 2G-H). Indeed, SIRPa-
aCD123 fusion antibodies bound to platelets similarly to
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the SIRPa-Fc construct but less than the aCD47 Hu5F9-
G4 control (Fig. 2G). However, SIRPa-aCD123 antibodies
did not induce aggregation of platelets, unlike SIRPa-Fc,
aCD47 Hu5F9-G4 and especially aCD47 B6H12 antibod-
ies (Fig. 2H). These experiments suggest that binding of
the constructs does not directly correlate with a func-
tional effect and indicate that our SIRPa-aCD123 fusion
antibodies do not stimulate platelet aggregation.

SIRPa-aCD123 fusion antibodies block CD47 and induce
phagocytosis of MOLM-13 cells in vitro

SIRPa-aCD123 fusion antibodies were designed to
inhibit the CD47-SIRPa axis locally on CD123% cells.
To examine this, we performed a blocking assay using
labelled aCDA47 antibodies that interfere with the bind-
ing of SIRPa. Despite the weak affinities of the SIRPa
domains, 1x SIRPa-aCD123 and 2 x SIRPa-aCD123
were able to block CD47 molecules on MOLM-13 cells.
Not surprisingly, maximum blockade was observed
with the high affinity aCD47 antibody. In comparison,
1 x SIRPa-aCD123 did not block CD47 on CD123" Raji
cells, and 2 x SIRPa-aCD123 minimally blocked CD47
(Additional file 1: Figure S2A), indicating that binding of
the aCD123 moiety to target cells is required for efficient
disruption of the CD47-SIRPa axis.

We next examined whether CD47 blockade with con-
comitant engagement of FcyRs stimulates the ADCP of
MOLM-13 cells by HD-derived macrophages (Fig. 3B).
Indeed, phagocytosis was significantly boosted by
1 x SIRPa-aCD123 compared to aCD123. 2 X SIRPa-
aCD123 also induced elevated phagocytosis, but this
was not statistically significant. In contrast, «CD47 did
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not stimulate phagocytosis either alone or in combina-
tion with «CD123 in this setting. The respective aCD19
controls did not have an effect on phagocytosis. In sum-
mary, SIRPa-aCD123 fusion antibodies boost ADCP in
MOLM-13 cells, whereas aCD123 and a«CD47 antibodies
alone lack this ability.

SIRPa-aCD123 fusion antibodies induce enhanced
phagocytosis of patient-derived AML cells by allogeneic
and autologous macrophages in vitro

We further investigated the stimulation of phagocyto-
sis by SIRPa-aCD123 antibodies using primary AML
patient-derived blasts as targets and allogeneic or autol-
ogous monocyte-derived macrophages as effector cells
(Fig. 4A, B). We observed enhanced overall phagocy-
tosis by primary AML cells compared to MOLM-13
cells. Allogeneic macrophages from HDs mediated sig-
nificantly higher ADCP with the 1 x SIRPa-aCD123
fusion antibody compared to aCD123. The 2 x SIRPa-
aCD123 had a similar effect (Fig. 4A). More importantly,
these results were confirmed in the autologous setting
(Fig. 4B). Phagocytosis mediated by 1 x SIRPa-aCD123
and 2 x SIRPa-CD123 was significantly higher than that
mediated by aCD123. aCD47 antibodies B6H12 and
Hu5F9-G4 alone or in combination with aCD123 anti-
body induced similar ADCP as SIRPa-aCD123 fusion
antibodies. When comparing SIRPa-CD123 fusion anti-
bodies to similar aCD33-based constructs [18], we did
not observe significant differences in the ability to induce
phagocytosis of AML cells (Fig. 4B). Taken together,
these data reveal that SIRPa-aCD123 fusion antibodies
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Fig. 3 SIRPa-aCD123 fusion antibodies block CD47 and stimulate phagocytosis of MOLM-13. A CD47 blockade on MOLM-13 cells with 100 nM
antibodies determined by FITC aCD47 binding using flow cytometry. Background fluorescence was subtracted from the FITC aCD47 signal and
normalized to isotype to calculate the CD47 blockade. Mean + SEM of n=4 independent experiments. B ADCP of MOLM-13 cells at a 50 pM
concentration of antibodies after 3 h at an E:T ratio of 1:1. ADCP was measured as the percentage of double-positive cells from macrophages and
normalized to the isotype control. Bar charts represent the mean + SEM from n=7 different donors. Statistical differences were determined by
one-way ANOVA using Holm-Sidak’s post hoc test. *p < 0.05, ***p <0.001, ****p < 0.0001, not significant (ns)
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represent an effective tool to overcome the CD47-medi-
ated inhibition of phagocytosis in AML.

SIRPa-aCD123 fusion antibodies induce NK cell-mediated
specific lysis of AML cells in vitro

ADCC by NK cells is one of the primary mechanisms
by which IgGl antibodies induce the elimination of
antibody-bound cells in addition to macrophage-medi-
ated ADCP [40]. Therefore, we analysed specific lysis
of MOLM-13 cells by HD-derived NK cells (Fig. 5A).
aCD123 induced moderate dose-dependent lysis of
MOLM-13, whereas 1 x SIRPa-aCD123 and 2 x SIRPa-
aCD123 were more potent. We postulated that SIRPa-
aCD123 fusion antibodies are more efficient due to
the avidity-dependent targeting of both CD123 and

CD47. The respective aCD19 controls induced lysis of
MOLM-13 cells only at high concentrations, which can
be attributed to autonomous targeting of CD47 by the
fused SIRPa domain. Nevertheless, the half maximal
effective concentration (ECj,) was considerably lower
for 2 x SIRPa-aCD123 (19.1 pM) than for the 2 x SIRP«
aCD19 analogue (192.1 pM), demonstrating target anti-
gen-specific cytotoxicity. This was further demonstrated
in a competitive ADCC assay in which CD123* MOLM-
13 cells were mixed with CD123™ Raji cells (Additional
file 1: Figure S2B). In this setting, Raji cells were not
lysed by 1 x SIRPa-aCD123 and 2 x SIRPa-aCD123 only
exerted an effect at high concentrations. In summary,
although independent binding of the SIRPa domains can
cause some lysis of target cells at high concentrations, we
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Fig. 5 SIRPa-aCD123 fusion antibodies enhance NK cell-mediated lysis of MOLM-13 and PDX AML cells. A NK cell-mediated dose-dependent lysis
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EC, values were calculated where possible. B Expression of CD123, CD33 and CD47 in primary AML samples assessed by flow cytometry. C, D NK
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consider high affinity «CD123 binding to be a prerequi-
site for targeting by SIRPax-aCD123 fusion antibodies.

The ability of SIRPa-aCD123 fusion antibodies to acti-
vate NK cells was further investigated using AML patient
cells. First, we used blasts from primary AML patients
(Fig. 5B) in a long-term culture system with HD-derived
NK cells as effectors [31]. Compared to isotype controls
and aCD123, 1 x SIRPa-aCD123 and 2 x SIRPa-aCD123
antibodies significantly boosted the cytotoxicity by NK
cells, leading to reduced numbers of AML cells (Fig. 5C).
As expected, the aCD47 antibodies B6H12 and Hu5F9-
G4 and the 1 x SIRPa aCD19 control molecule did not
stimulate lysis of AML cells (Fig. 5C). From the aCD33
constructs, only the 2 x SIRPa aCD33 analogue induced
significant lysis of AML cells compared to the isotype
control (Fig. 5D). When analysing the NK cell population
of the ADCC samples, we observed a significant upreg-
ulation of the activation marker CD69 with 1x- and
2 x SIRPa-aCD123 (Fig. 5E). Treatment with 2 x SIRPa-
aCD123 induced especially potent CD69 upregulation,
which was also significantly greater than that induced by
the 2 x SIRPa aCD33 analogue (Fig. 5E). Interestingly,
the aCD47 antibody Hu5F9-G4 induced slight upregu-
lation of CD69 (Fig. 5E). Together, these results demon-
strate that in addition to highly effective FcyR-dependent
ADCC stimulation, SIRPa-aCD123 antibodies might fur-
ther activate NK cells via mechanisms related to CD47
blockade.

Next, we used AML PDX cells as target cells. Here, we
observed that 1 x SIRPa-aCD123 and 2 x SIRPa-aCD123
both dramatically increased the lysis of AML PDX cells
compared to aCD123 (Fig. 5E). This again highlights that
our fusion antibodies enhance NK cell-mediated lysis of
patient-derived AML cells.

SIRPa-aCD123 fusion antibodies have the potential

to target AML stem cells

Specific targeting of AML LSCs is needed to prevent
relapse and enhance the rate and duration of response
to therapy in patients. We hypothesized that SIRPa-
aCD123 fusion antibodies would efficiently eliminate
CD123heh CD47M8h [.SCs due to the avidity-dependent
binding of the aCD123 and SIRPa moieties. Xenograft
mouse models have been widely used to investigate leu-
kaemia-initiating cells (LICs) as surrogates for LSCs [41,
42]. To evaluate the impact of HD NK cell-dependent
cytotoxicity of our antibodies on LICs, we performed
an in vivo engraftment assay using residual AML PDX
cells that survived an ex vivo ADCC assay (Fig. 6A). We
expect that LICs are killed more efficiently with SIRPa-
aCD123 fusion antibodies than with «CD123 antibod-
ies in the ex vivo ADCC assay and thus lead to reduced
engraftment of AML cells. To this end, PDX cells from
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two AML patients were incubated with NK cells and iso-
type control, aCD123 or 2 x SIRPa-aCD123 (Additional
file 1: Figure S3). Only the 2 x SIRPa-aCD123 fusion
antibody was used as it showed superior killing of AML
PDX cells (Fig. 5F). After this ADCC, surviving PDX cells
were sorted and injected into NSG mice at two doses cor-
responding to 10 leukaemia-initiating cells (10 x LIC) or
100 x LIC. AML engraftment was analysed by in vivo
BLI and peripheral blood analysis.

As expected, all mice that received residual cells
from isotype control-treated AML-491 ADCC culture
exhibited PDX cell engraftment soon after transplanta-
tion [10 x LIC: 28-49 days post injection (dpi), n=5;
100 x LIC: 33 dpi, n=5], whereas treatment with the
aCD123 antibody slightly delayed the time to posi-
tive engraftment (10 x LIC: 62-91 dpi, n=5; AML-491
100 x LIC: 49 dpi, n=4) (Fig. 6B—F). Importantly, resid-
ual cells from 2 x SIRPa-aCD123 ADCC cultures exhib-
ited a dramatically reduced engraftment capacity, with
only one animal in the 10 x LIC group (114 dpi) and none
in the 100 x LIC group showing positive engraftment
(Fig. 6B—F). All mice with positive engraftment reached
end-stage leukaemia with high BLI signals and hCD33*
cells in peripheral blood (Fig. 6; Additional file 1: Figure
S5). AML-579 cells were injected at slightly higher doses
of 14 x LIC and 140 x LIC, but the results were similar
to those observed for AML-491 (Additional file 1: Fig-
ures S4 and S5).

We used the extreme limiting dilution analysis algo-
rithm to determine whether the nearly absent engraft-
ment in the 2 x SIRPa-aCD123 condition was due to
specific LIC targeting or a lower number of injected
residual cells [35]. Even though all mice in the isotype
and aCD123 treatment groups exhibited engraftment,
a significant difference in the estimated LIC frequencies
was detected between aCD123 and 2 x SIRPa-aCD123
for AML-491 (Fig. 7A, B; Additional file 1: Table S2).
We concluded that while 2 x SIRPa-aCD123 markedly
reduces the number of bulk AML cells, it targets leuke-
mic stem cells with an even higher preference.

Discussion

The ubiquitously expressed surface marker CD47 inter-
acts with the SIRPa receptor to inhibit myeloid cell-medi-
ated phagocytosis of autologous cells [4, 14, 15]. Blocking
the CD47-SIRPa checkpoint as an anticancer therapy is
under intense investigation since CD47 is overexpressed
on AML as well as on various other cancer types [5, 10,
43]. However, ubiquitous expression of CD47 creates an
antigen sink that can sequester CD47-targeting agents
and reduce the effective dose. Moreover, nonspecific tar-
geting can cause toxicities to healthy cells, as CD47 has
various roles in physiological tissue homeostasis [44]. For
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example, the CD47 ligand SIRPy is expressed on human
T cells, and targeting CD47 with a mADb has been shown
to affect human T cell responses [45].

The most serious side effects reported from CD47-
targeting agents in clinical trials are anaemia and
thrombocytopenia [39, 46—49]. The SIRPa-aCD123
antibodies presented here specifically bind to the AML
cell line MOLM-13 in the presence of excess RBCs, in
contrast to the high-affinity CD47-targeting antibody
B6H12. These results agree with previous reports where
similar constructs targeting CD33 and CD20 avoid the
CD47 sink generated by RBCs [17, 18]. We also observed
that SIRPa-aCD123 antibodies targeted PBMCs more
than RBCs. The low-affinity SIRPa-dependent bind-
ing to PBMCs might, however, not lead to activa-
tion of macrophages or NK cells based on our results
with SIRPa-aCD19 control molecules in experiments
with MOLM-13 cells and primary AML cells. Impor-
tantly, although the SIRPa-aCD123 fusion antibodies
also bind platelets, they do not induce any aggregation,
unlike other CD47-targeting molecules tested herein.
The underlying reason for this might be a combination
of relatively low-affinity binding of the SIRPa domain to
CD47 as well as different steric features of the antibody
constructs.

Despite the low-affinity binding of the SIRPa domains,
SIRPa-aCD123 fusion antibodies were able to induce
the same or even higher phagocytosis than high affin-
ity aCDA47 either alone or in combination with «CD123.
This is in line with the well-known synergy between
CD47-SIRPa axis disruption and prophagocytic signals

[8, 10, 50—52] and supports the rationale of combining
CD47 blockade and FcyR stimulation into one molecule.

AML LSCs reside in specific niches in the bone mar-
row [53]. Antibodies can freely access the bone mar-
row through sinusoidal clefts and therefore represent
a promising therapeutic strategy for targeting LSCs in
their microenvironment [54]. CD33-targeting gemtu-
zumab ozogamicin is currently the only antibody-based
therapy approved for AML [55]. Unfortunately, only
some patients are likely to benefit from gemtuzumab
ozogamicin [56, 57]. CD33/CDA47 cotargeting has been
previously preclinically investigated [18, 58]. However,
bivalent mAbs against CD33 have been shown to inter-
nalize upon cross-linking, which can compromise the
immune response [59, 60]. Expression of CD33 on LSCs
is also associated with variability, which might affect
therapeutic outcomes [20, 61]. Our results indicate that
the SIRPa-aCD123 constructs are comparable to «CD33-
based fusion antibodies in inducing autologous ADCP or
allogenic ADCC. Interestingly, we observed much higher
activation of NK cells in response to 2 x SIRPa-aCD123
than with the aCD33 analogue. Whether this was due
to CD33-related internalization effects or other reasons
remains to be investigated, but we consider aCD123-
based constructs promising candidates next to aCD33-
targeting antibodies.

Because chemorefractory LSCs build a reservoir for
relapse, elimination of these cells is essential for AML
treatment [1, 2]. In younger adults, a lower percentage
of CD123" LSCs at diagnosis is correlated with a bet-
ter response to treatment and survival [62]. Similarly, in
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older patients who are fit for intensive chemotherapy,
survival was higher in those who displayed lower levels
of CD123% LSCs [63]. Therefore, eliminating or reduc-
ing the numbers of CD123" LSCs might lead to more
durable responses and prolonged survival. We show here
that compared to aCD123, SIRPa-aCD123 antibodies
exhibit increased targeting efficacy of CD123" CD47+
AML cells due to avidity-dependent binding to both anti-
gens. Our fusion antibodies could take advantage of the
high expression of both CD123 and CD47 on LSCs and
effectively address this population. Indeed, we observed
an extreme reduction in the engraftment of AML after
an ex vivo ADCC assay with the 2 x SIRPa-aCD123
antibody, as our antibodies stimulated NK cell-mediated
cytotoxic lysis of AML LSCs. The increased avidity of
SIRPa-aCD123 antibodies thus provides the opportunity
to preferentially target and eliminate AML LSCs.

Because of avidity-dependent binding to CD123 and
CD47, SIRPa-aCD123 antibodies could further tar-
get malignant LSCs cells over healthy haematopoietic
stem cells, which express low levels of CD47 and mini-
mal amounts of CD123 [5, 19, 21, 64]. The 2 x SIRPa-
aCD123 fusion antibody facilitated the most potent
NK cell activation in our assays, and only this antibody
was evaluated in LSC targeting experiments. To fur-
ther analyse the safety and efficacy of the molecules and
to determine whether the 1x- or 2 x SIRPa-aCD123
fusion format would be favourable in future clinical trials,
assessing competitive targeting of patient-derived LSCs
and healthy haematopoietic stem cells would be very
pertinent.

While we are the first to combine CD123 and CD47
targeting, other therapeutic molecules have been devel-
oped against CD123 alone [65-67]. Talacotuzumab is an
aCD123 antibody with a modified Fc region for enhanced
ADCC [37, 68]. Unfortunately, talacotuzumab showed
limited in vivo efficacy in clinical studies, which has
been associated with the compromised NK cell activity
in MDS and AML [69-71]. This suggests that recruiting
other immune cells, such as macrophages, could stimu-
late a broader response to antibody-based CD123-tar-
geting therapies. The benefit of activating macrophages
in AML has been demonstrated by the aCD47 antibody
magrolimab in combination with azacytidine [8]. Recent
data additionally suggest that upon activation, NK cells
can upregulate SIRPa, which leads to strong inhibition
of cytotoxicity when interacting with CD47 on the sur-
face of target cells [72]. An effective blockade of CD47
signalling could therefore be the reason we observed
an extremely potent upregulation of CD69 on NK cells
in response to 2 x SIRPa-aCD123 treatment. This was
also indicated by the slight increase in the percentage of
CD69" cells when the aCD47 antibody Hu5F9-G4 was
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used. A growing body of evidence indicates that adap-
tive immunity, especially the activation of CD8" T cells,
further contributes to the effects observed in response
to CD47-SIRP« inhibition [73-75]. As SIRPa-aCD123
fusion antibodies improve phagocytosis of AML patient
cells compared to «CD123 while still initiating strong NK
cell activation, we propose that SIRPa-aCD123 fusion
antibodies stimulate a much broader immune response,
including a long-lasting T-cell response.

Conclusions

In summary, we demonstrated that SIRPa-aCD123 anti-
bodies specifically target LSCs, mediate their efficient
clearance and stimulate phagocytosis of AML while
restricting CD47-related on-target off-leukaemia toxic-
ity. These encouraging results establish SIRPa-aCD123
antibodies as a promising approach for LSC targeting
for prolonged remission in AML patients. Future in vivo
studies using an appropriate AML mouse model are nec-
essary for the translation of this approach into a clinical
setting.
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