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Zusammenfassung

Zusammenfassung

Die antikdrperabhangige zellulare Phagozytose (ADCP) von Tumorzellen durch Makro-
phagen ist eine wichtige Effektorfunktion therapeutischer Antikérper. ADCP wird jedoch
durch "Don't Eat Me!"-Signale wie CD47 gehemmt. Klinische Studien in Lymphompa-
tienten ergaben vielversprechende Ergebnisse fiir eine Kombination des CD20-Antikor-
pers Rituximab (RTX) mit dem CD47-blockierenden Antikdrper Magrolimab. Kirzlich
wurde in Modellen solider Tumoren auch eine hemmende Rolle fur Klasse | humane
Leukozytenantigene (HLA) aufgedeckt, die Makrophagen mit den Rezeptoren leukocyte
immunoglobulin-like receptor subfamily B member 1 (LILRB1) und LILRB2 erkennen. Ob
ADCP von Lymphomzellen durch LILRB1- oder LILRB2-Blockade gesteigert werden
kann ist noch nicht bekannt und wurde in dieser Arbeit untersucht. So ergab die Analyse
verschiedener Lymphom-Zelllinien eine positive Korrelation zwischen dem Expres-
sionsverhaltnis von CD20 zu HLA Klasse | und der durch RTX und einem CD47-Antikor-
per induzierten ADCP. Dies zeigte, dass die HLA Klasse I|-Expression ADCP unter
CDA47-Blockade hemmte. Zur Blockade der HLA Klasse I-Rezeptoren wurden Antikdrper
gegen LILRB1 oder LILRB2 (LILRB1-lgGo bzw. LILRB2-IgGo) in einem Fc-stummen
Format hergestellt, um Interaktionen mit Fcy-Rezeptoren (FcyR) zu vermeiden. Beide
wurden in humanen Zellen exprimiert und affinitdtschromatographisch gereinigt. Die
spezifische Bindung wurde durchflusszytometrisch nachgewiesen. ADCP wurde durch
Fluoreszenzmikroskopie oder Live-Cell Imaging bestimmt. Hierzu wurden Monozyten
aus dem Blut gesunder Spender isoliert und ex vivo zu Makrophagen mit MO, M1- oder
M2-Polarisation differenziert. Als Ergebnis steigerte LILRB1-lgGo die ADCP verschiede-
ner Lymphom-Zelllinien durch MO-, M1- und M2-Makrophagen, wenn der Antikérper mit
RTX und einer Fc-stummen Version von Magrolimab (CD47-lgGo) kombiniert wurde.
LILRB1-IgGo steigerte sogar die ADCP von DG-75 Burkitt-Lymphom-Zellen, die in Pra-
senz von nur RTX und CD47-IgGo kaum phagozytiert wurden. Dagegen war LILRB2-
IgGo aus unbekannten Grinden unwirksam, obwohl er die Rezeptor-Bindung von HLA
blockierte. LILRB1-IgGo férderte die ADCP multipler Lymphom-Zellen durch individuelle
Makrophagen, erforderte jedoch die Anwesenheit eines CD20-Antikérpers zur FcyR-Ak-
tivierung und eine Ko-Blockade von CD47, um wirksam zu werden. Bedeutenderweise
steigerte LILRB1-IlgGo die ADCP frisch isolierter Tumorzellen von Patienten mit chro-
nischer lymphatischer Leukdmie oder Mantelzell-Lymphom. Folglich limitiert HLA Klasse
| die durch Kombinationen aus CD20- und CD47-Antikorpern induzierte ADCP. Diese
Limitation kann durch Blockade von LILRB1, nicht aber von LILRB2, Gberwunden wer-
den. Duale CD47 und LILRB1-Checkpoint-Blockade stellt somit eine vielversprechende

Strategie zur weiteren Verbesserung der CD20-Antikérpertherapie von Lymphomen dar.



Abstract

Abstract

Antibody-dependent cellular phagocytosis (ADCP) of cancer cells by macrophages is a
major mechanism of action of therapeutic antibodies. However, ADCP is hampered by
the expression of ‘Don’t Eat Me!’ signals such as CD47 on tumor cells. In clinical studies
in lymphoma patients, encouraging outcomes were obtained by combining the CD20
antibody rituximab (RTX) with the CD47 blocking antibody magrolimab. Recently, in solid
tumor models also class | human leukocyte antigens (HLA), which ligate the macrophage
receptors leukocyte immunoglobulin-like receptor subfamily B member 1 (LILRB1) and
LILRB2, were found to protect cells from phagocytosis. Whether ADCP of lymphoma
cells can be augmented by antibody blockade of LILRB1 or LILRB2 is currently not
known and was analyzed in this thesis. Along this line, investigations in a set of lym-
phoma cell lines showed a positive correlation between the CD20-to-HLA class | expres-
sion ratio and the extent of ADCP induced by co-treatment with RTX and a CD47 anti-
body. This indicates that the expression of HLA class | hampered ADCP under CD47
blockade. To specifically block HLA class | receptors, anti-LILRB1 and anti-LILRB2 anti-
bodies were generated as Fc-silent versions (LILRB1-IgGo and LILRB2-IgGo, respec-
tively) with abrogated Fcy receptor (FcyR) binding. Both were produced by expression
in human cells and purification via affinity chromatography. Antigen-specificity was de-
monstrated using flow cytometry. ADCP was analyzed by fluorescence microscopy or
live cell imaging. To this, monocytes were enriched from peripheral blood and
differentiated to macrophages with MO, M1 or M2 polarization status ex vivo. As a result,
LILRB1-IgGo significantly improved ADCP of different lymphoma cell lines by MO, M1 or
M2 macrophages when the antibody was combined with RTX and an Fc-silent
magrolimab variant (CD47-1gGo). LILRB1-lgGo was even effective with DG-75 Burkitt
lymphoma cells, which were barely phagocytozed upon treatment with RTX and CD47-
IgGo only. LILRB1-IgGo facilitated the uptake of multiple target cells by individual mac-
rophages, but constantly required the simultaneous blockade of CD47 and the combi-
nation with a CD20 antibody for FcyR activation to unfold its effect. Remarkably, LILRB1-
IgGo notably increased the phagocytosis of freshly isolated cancer cells from patients
with chronic lymphocytic leukemia or mantle cell lymphoma. LILRB2-IgGo, on the other
hand, was ineffective for yet unknown reasons, even though the antibody effectively
impeded receptor ligation by HLA class |. Consequently, the expression of HLA class |
by lymphoma cells limits the potential of the combination of CD20 and CD47 antibodies
to initiate phagocytosis. This hinderance can be overcome by masking LILRB1, but not
LILRB2. Thus, dual LILRB1/CD47 checkpoint blockade is an encouraging new approach
to further improve CD20 antibody therapy of lymphomas.
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1 Introduction

1. Introduction

1.1 Antibody-Based Immunotherapy of Cancer

The therapeutic potential of drugs to efficaciously and precisely attack pathogens or
cancer cells has already been recognized around 1900 by Nobelist Paul Ehrlich. His
theories evolved into what became known as the famous 'magic bullet concept': Targeted
therapeutics, which bind selectively to their intended cell-structural targets, yet remain
non-toxic in normal tissues (Ehrlich, 1900, Strebhardt and Ullrich, 2008). Furthermore, in
an effort to explain the observation that in animals exposure to low doses of a toxin
induced immunity against otherwise lethal doses of the same toxin Paul Ehrlich hypo-
thesized that cells carry side chains on their surface, which specifically bind antigens and
may be distributed more abundantly into the blood upon interaction with the antigen they
are specific for. Such antitoxins, as detached side chains were termed by Paul Ehrlich,
were later identified to be antibodies produced by activated B cells (Ehrlich, 1900,
Strebhardt and Ullrich, 2008, Bjgrneboe and Gormsen, 1943).

Their highly specific targeting properties render antibodies not only a pivotal component
of the immune system, but also an ideal format to realize Paul Ehrlich’s concept of a
'magic bullet'. Thus, since Georges J. F. Kéhler and César Milstein described a technique
to produce substantial amounts of monoclonal antibodies specific for a predetermined
epitope in 1975, a discovery they later received the Nobel Prize for, monoclonal
antibodies have revolutionized biomedical research, diagnostics and the therapeutic
options in a broad spectrum of diseases (Kohler and Milstein, 1975). Henceforth,
numerous biotechnological advances have enabled the elucidation of the detailed
structure of antibody molecules, as well as the generation of less immunogenic and more
effective antibodies and thus laid the foundation for the clinical application of antibodies
as therapeutics. The range of antibody-based therapies has since then expanded
remarkably and has been extended continuously to new antibody formats and
therapeutic areas. To date, 224 antibody-based therapeutics have been granted
approval or are in regulatory review and are applied in a variety of diseases. These
include not only cancer, which is still the major indication for therapeutic antibodies, but
also immune-mediated disorders, infectious diseases, as well as cardiovascular or
neurological disorders (figure 1) (The Antibody Society, 2025).

A landmark success in the therapeutic use of antibodies was the marketing approval of
the antibody rituximab, which binds cluster of differentiation (CD) 20, in 1997. Rituximab
was the first antibody therapy to receive approval for a malignant disease and has

revolutionized the treatment of various B-cell Non-Hodgkin lymphomas (B-NHL),
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particularly when applied in combination with chemotherapy (Maloney et al., 1994,
McLaughlin et al., 1998, Pavlasova and Mraz, 2020, Pierpont et al., 2018). Since then,
a variety of target antigens in both solid and hematological cancers were identified,
including human epidermal growth factor receptor (HER)2, epidermal growth factor
receptor (EGFR), CD38 and CD19. The great success of antibodies as therapeutic
agents traces back not least to the numerous advantages of antibody therapies.
Antibodies are well-characterized molecules that can be produced easily and in
consistently high quality and purity in recombinant systems. Furthermore, antibodies are
characterized by enhanced tolerability and reduced toxicity compared to many
conventional chemotherapy drugs, long plasma half-life and capability to mediate a
broad spectrum of direct and indirect effector functions, which will be discussed in more
detail later (Paul et al., 2024).

Neurological

Musculosceletal 5
disorders, 7

disorders, 3
Metabolic
disorders, 8

Infectious
diseases, 21

Ophthalmology, 4

Cancer, 103

Immune-
mediated
disorders, 61

Genetic
diseases, 3 Cardiovascular disorders / hemostasis, 14

Figure 1: Indications for therapeutic antibodies. Indicated are the numbers of antibodies that have
already been granted approval or are in regulatory review for treatment in the respective therapeutic area.
Antibody products that have since been withdrawn from the market were included, biosimilar products not.
The diagram was created using published data (The Antibody Society, 2025).

1.1.1 CD20 Antibody Therapy of B-Cell Non-Hodgkin Lymphoma

B-NHLs comprise a heterogeneous group of lymphoproliferative neoplasms, which
commonly develop from B-cells in peripheral lymphoid tissue such as lymph nodes or
the spleen, but can also affect the bone marrow or non-lymphoid tissues. According to
histological and clinical features, B-NHLs are assigned to two prognostic groups. Thus,
a distinction is made between acute, aggressive B-NHLs, which include for instance the
diffuse large B-cell lymphoma (DLBCL) and Burkitt lymphoma, and less aggressive,
indolent B-NHLs, to which among others the follicular lymphoma, mantle cell lymphoma

(MCL) and chronic lymphocytic leukemia (CLL) are counted (Swerdlow et al., 2017).
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Nearly all B-NHLs display CD20 at initial diagnosis. However, the biological function of
this cell surface molecule is poorly understood (Pierpont et al., 2018). In normal B cells,
display of CD20 is first detected in the early immature B cell stage. It is found on mature
B cells at all stages of their development and its expression is downregulated upon
differentiation into plasma cells (Pierpont et al., 2018). CD20 is not expressed in hemato-
poietic stem cells and in other normal tissues, except for weak expression in certain T
cells (Hultin et al., 1993, Schuh et al., 2016). This expression pattern renders CD20 an
attractive target antigen for antibody treatment of B-NHLs (Pierpont et al., 2018).
Treatment regimens for B-NHLs are chosen based on the disease subtype, stage and
patient-related factors and include conventional approaches, such as chemotherapy or
radiation therapy, stem cell transplantation and, with growing importance, targeted
approaches such as tyrosine kinase inhibitors, therapeutic antibodies or chimeric antigen
receptor (CAR) T cells (Wang et al., 2020a, Russler-Germain and Ghobadi, 2023). Within
the therapeutic armamentarium, targeted therapies provide particularly great hope to
further improve the therapeutic options, especially in the challenging situation of relapsed
or refractory disease.

Despite the discovery of a plethora of target antigens for antibody therapies, CD20
remains to be a main target for the antibody treatment of malignant and non-malignant
conditions to date (Delgado et al., 2024, Wang et al., 2020a). Thus, besides rituximab
numerous CD20-targeting antibodies such as obinutuzumab, ofatumumab and ocrelizu-
mab, bispecific anti-CD20/CD3 antibodies including epcoritamab, mosunetuzumab and
glofitamab, as well as CD20 radioimmunoconjugates have emerged (Dabkowska et al.,
2024, Chamarthy et al., 2011). Additionally, CD20 is currently investigated as a potential
target for CAR T cells (Dabkowska et al., 2024).

1.1.2 Structure and Formats of Therapeutic Antibodies

Antibodies or immunoglobulins (Ig) are glycosylated proteins, which are naturally
secreted by differentiated B cells, so-called plasma cells. Antibody secretion is initiated
upon the recognition of a cognate immunogen by the B cell receptor, which contains a
cell surface membrane Ig that has the identical binding domains as the secreted antibody
molecule. Antibodies specifically bind to an individual epitope, a portion of the recognized
antigen, and are the key component of the humoral branch of the adaptive immune

response (Chaplin, 2010).
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1.1.2.1 Structure of Antibodies

In humans, the basic structure of an antibody typically consists of two pairs of identical
heavy chains (HC) and light chains (LC). The chains are covalently linked through disul-
fide bridges (Padlan, 1994). Antibody LCs exist in two variants, k and A, of which only
one variant is found in an individual antibody. The ratio of k to A variant varies between
different species and is approximately two to one in human serum under physiological
conditions (Mole et al., 1994). Antibody HCs occur in the five variants a, d, €, y and p
and allow to assign antibodies to one of the five different classes or isotypes, IgA, IgD,
IgE, IgG and IgM, respectively. Antibodies of different isotypes differ in their structure,
functions and the effector mechanisms they mediate. Since IgG is the predominant
molecular format for therapeutic antibodies, the detailed structure will be explained
based on this isotype.

Each of the four IgG polypeptide chains is composed of several Ig domains, for which a
further distinction is made between variable and constant domains. The antibody LCs
each comprise one variable region at their amino (N)-terminal end (V) and one constant
domain at their carboxylic acid end (C.) and have a molecular weight of about 25 kDa.
The two antibody HCs are each composed of an N-terminal variable region (V)
accompanied by three constant domains (termed Cu1, Cu2 and Cnx3) and contain a
flexible hinge region between Cx1 and C2 (figure 2). Each antibody HC has a molecular
weight of approximately 50 kDa. In each arm of the antibody, V. and V4 together with the
CL and Cx1 domains form the fragment antigen binding (Fab), which is responsible for
the antibody binding to its epitope and thus determines the antibody’s specificity. Con-
sequently, each antibody molecule comprises two antigen binding sites. Located on the
opposite side of the hinge region is the fragment crystallizable (Fc), which is formed by
the Cx2 and Cy3 domains. Through the Fc region, antibodies interact with components
of the immune system and thus mediate indirect effector functions (figure 2) (Padlan,
1994). According to minor differences in the HC constant domains, IgG molecules can
further be categorized into the subclasses IgG1, 1IgG2, IgG3 and IgG4. Despite their great
similarity, antibodies of different IgG subclasses vary in numerous aspects, such as

complement activation or effector cell triggering (Vidarsson et al., 2014).
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Figure 2: Structure of an IgG1 molecule. Displayed are the schematic (A) and crystal (B) structure of
IgG1. Each IgG1 molecule comprises two identical light chains (LC; light blue) and heavy chains (HC; dark
blue), which are bonded via disulfide bridges (red). The LC comprises one variable (VL) and one constant
(CL) domain, the HC is composed of one variable (Vx) and three constant (Cr1-Cn3) domains. The variable
regions of one LC and one HC, together with the C_ and Cx1 domain form the two fragments antigen binding
(Fab). The fragment crystallizable (Fc) is made up of the C12 and Cx3 domains. Additionally, IgG1 antibodies
are gylcosylated at the conserved asparagine-297 in the C12 region (grey). The pdb-file of an IgG1 molecule
was kindly provided by M. Clark (Clark, 1997).

1.1.2.2 Humanization of Antibodies

The first monoclonal antibodies applied clinically, such as the CD3 antibody muromonab-
CD3 used for the treatment of acute glucocorticoid-resistant rejection of allogeneic trans-
plants, were murine (Todd and Brogden, 1989). However, a major issue of murine anti-
bodies applied in humans is the immunogenicity of the foreign protein, which can lead to
adverse effects and decreased efficacy as a consequence of the formation of neutralizing
antibodies (Hansel et al., 2010, Shawler et al., 1985). Various strategies were pursued
to decrease the immunogenicity of therapeutic antibodies by reducing the murine
moieties in antibody molecules (figure 3). Chimeric antibodies, such as rituximab,
comprise the murine antibody’s variable regions while the murine sequences of the
constant regions are exchanged for the corresponding human sequences (Morrison et
al., 1984, Boulianne et al., 1984, Reff et al., 1994). In humanized antibodies, such as the
anti-HER2 antibody trastuzumab, also the framework regions of the murine variable
domains are replaced by the respective human sequences and only the hypervariable
complementarity determining regions (CDR), which are crucial for specific antigen
recognition, remain of murine origin (figure 3) (Jones et al., 1986, Carter et al., 1992).
Several new approaches have even enabled the production of completely human
monoclonal antibodies, such as the anti-tumor necrosis factor (TNF)-a antibody
adalimumab (figure 3). For example, phage display techniques were established to

identify suitable sequences for the variable regions from human antibody phage display
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libraries, which can subsequently be utilized to generate recombinant human antibodies
(Alfaleh et al., 2020, Frenzel et al., 2016). Furthermore, the production of antibodies in
transgenic mice, in which genes encoding for antibodies were replaced by the
corresponding human sequences, as well as the immortalization and clonal expansion
of human memory B cells have emerged as approaches to obtain fully human antibodies
(Lonberg et al., 1994, Lanzavecchia et al., 2007).

[T | murine regions

I] human regions

>
murine chimeric humanized human
muromonab-CD3 rituximab trastuzumab adalimumab
(1986, withdrawn in 2010) (1997) (2000) (2002)

Figure 3: Overview of the development of antibodies with increasingly reduced murine moieties. The
first therapeutic antibodies, such as muromonab-CD3, were murine antibodies. In chimeric antibody mole-
cules, such as rituximab, murine variable regions are combined with the constant regions of human anti-
bodies. In humanized antibodies, such as trastuzumab, only the hypervariable complementarity determining
regions remain of murine origin. By now, also the generation of recombinant, fully human antibodies, such
as adalimumab, has become possible. The pdb-file of an IgG1 molecule was kindly provided by M. Clark
(Clark, 1997).

1.1.2.3 Formats of Therapeutic Antibodies

The above-described advances have opened the way for the development of a broad
palette of therapeutic antibodies and antibody-derived constructs (Jin et al., 2022,
Weiner, 2015). The simplest format of a therapeutic antibody is a monoclonal, mono-
specific, native antibody, which is specific for a soluble or cell-bound antigen (figure 4A).
Even though other isotypes such as IgA are being evaluated, the vast majority of the-
rapeutic antibodies are I1gG (Leusen, 2015). Since the different IgG subclasses incorpo-
rate functional and structural differences, individual subclasses of IgG are chosen to
achieve distinct therapeutic effects. For instance, IgG1 is the main format for therapeutic
antibodies due to its high affinity for immunoglobulin y Fc region receptors (FcyR) and
thus its high capability to activate FcyR-carrying effector cells. In contrast, the notably
lower affinity for FcyR and for complement component 1q (C1q) of IgG4 antibodies ren-

ders them more suitable for applications, in which the engagement of immune cells or
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the mediation of complement-dependent cytotoxicity play a subordinate role or is not
desired. Examples herefore are the antibody blockade of inhibitory signaling receptors
on effector cells or the specificity for an antigen that is found also on normal cells (Yu et
al., 2020, Vidarsson et al., 2014).

Additionally, antibody constructs capable of recognizing more than one antigen have
emerged as attractive therapeutic agents (figure 4B). Bispecific antibodies (BsAbs) are
fusion proteins combining the antigen binding sites of two different antibodies in one
molecule (Ma et al., 2021, Kontermann and Brinkmann, 2015). Particularly promising is
the combination of the specificity for a tumor-expressed antigen with the specificity for a
stimulatory receptor expressed on immune cells, such as CD3 on T cells. This enables
BsAbs also to engage T cells, which do not express FcRs and thus do not recognize
target cell-bound, conventionally structured antibodies (Staerz et al., 1985). Further-
more, combining the specificity for a broadly expressed antigen and the specificity for an
antigen with a target cell-restricted expression pattern in a BsAb molecule may hold the
potential to achieve enhanced binding selectivity to target cells and thus reduce on-target
toxicity (Mazor et al., 2015). Since the first description of BsAbs in the 1960s, a broad
spectrum of molecular platforms for their generation has been developed. These include
for instance trifunctional antibodies, which comprise a functional Fc fragment and two
different pairs of antibody HCs and LCs, each pair specific for an individual antigen
(figure 4B). Moreover, numerous different antibody formats of non-lgG-like BsAbs
lacking a functional Fc fragment have been developed. Fab domains or single-chain
fragments variable (scFv), which consist of V4 and V. domains linked by a short linker
peptide, were used as binding domains (figure 4B) (Ma et al., 2021, Kellner et al., 2011,
Kontermann and Brinkmann, 2015). A prominent example is the bispecific T-cell engager
(BITE) molecule blinatumomab, which is clinically applied in the therapy of B-cell
precursor acute lymphoblastic leukemia (BCP-ALL) (Kantarjian et al., 2017).
Blinatumomab consists of two peptide-linked scFvs, one targeting the T cell co-receptor
CD3 and the other one CD19, which is found on B cells and B cell-derived lymphomas
and leukemias. Blinatumomab thus brings T cells and target cells in close proximity,
activates T cells and facilitates a T cell response against CD19-expressing tumor cells.
This occurs irrespective of the recognition of antigens presented on human leukocyte
antigen (HLA) molecules, which usually is necessary for T cell activation. Additionally,
the small molecular weight of BiTEs of approximately only 55 kDa, compared to 1gG
molecules, which have a molecular weight of about 150 kDa, may contribute to improved
penetration into cancerous tissue (Portell et al., 2013, Kontermann and Brinkmann,
2015).
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Another promising approach is to engage antibodies or antibody fragments as vectors to
precisely direct cytotoxic cargoes to malignant cells (figure 4C). Such therapeutic
molecules commonly consist of a tumor-antigen-specific antibody, mostly of the IgG1
subclass due to its long serum half-life, covalently bound to a cytotoxic agent via a
cleavable or a non-cleavable linker (Shastry et al., 2023, Fu et al., 2022). The toxic
payload can be a chemotherapeutic agent, such as a microtubule inhibitor, a topo-
isomerase inhibitor or a mediator of DNA damage in antibody-drug conjugates (ADC),
but also antibody-radionuclide conjugates (ARC) bearing a radioactive agent were
developed (figure 4C) (Shastry et al., 2023, Steiner and Neri, 2011, Jin et al., 2022). An
additional format are immunotoxins, which consist of an antibody domain fused to a pro-
tein toxin. An example is moxetumomab pasudotox, a fusion molecule of a CD22-specific
variable fragment and Pseudomonas exotoxin A (Havaei et al., 2021).

Furthermore, fragments of antibody molecules can be used for the generation of
genetically engineered CARs to enable lymphocytes, usually T cells, to recognize and
eliminate target cells, which display a specific antigen (figure 4D) (Sterner and Sterner,
2021). CARs are modular receptors that consist of an extracellular antigen binding do-
main, classically an scFv specific for a cancer cell-expressed antigen, a hinge region, a
transmembrane domain and one or more intracellular signaling domains (Sterner and
Sterner, 2021). When T cells are genetically modified to carry CARs, the receptors
enable the recognition of malignant cells and the subsequent activation of the T cells in
a HLA-independent manner. Recently, CD19-specific CARs have demonstrated
remarkable efficacy in relapsed and refractory B-lineage acute lymphoblastic leukemias
(B-ALL) and B-NHLs (June and Sadelain, 2018, Brudno and Kochenderfer, 2018, Turtle
et al., 2016). Moreover, CD22- and B-cell maturation antigen (BCMA)-directed CARs
were effective in patients with refractory B-ALL and multiple myeloma, respectively (Fry
et al., 2018, Brudno et al., 2018, Cohen et al., 2019).
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Figure 4: Examples of formats of therapeutic antibodies or antibody-constructs. (A) Numerous novel
formats of therapeutic antibodies or antibody-constructs have emerged on the base of native antibody
molecules. (B) Bispecific antibodies or antibody-constructs possess the ability to selectively bind two
different antigens. They can be designed in an IgG-like format bearing an Fc-fragment (left) or as non-IgG-
like fusion molecules containing single-chain fragments variable (scFv; right). (C) Antibodies can be
employed as vehicles to precisely deliver cytotoxic payloads, such as drugs or radionuclides. (D) In T cell
engineering, scFvs can be employed to generate the extracellular antigen recognition domain of chimeric
antigen receptors (CAR) to allow T cells to recognize and kill cancer cells.

1.1.3 Effector Functions of Therapeutic Antibodies

Antibodies mediate their therapeutic effect through a diverse range of effector mecha-
nisms. A general distinction can be made between direct effector functions, which only
result from the interaction of the antibody with its epitope (figure 5), and indirect effector
functions, such as the recruitment of effector cells or the complement system, which also
involve the Fc domain (figure 6). Differences in the effector functions of different
therapeutic antibodies not only result from their individual epitopes, but also depend on
the antibody isotype, format and molecular modifications, such as Fc engineering to
modulate the affinity for FCRs or complement factors (Redman et al., 2015, Weiner,
2015, Chan and Carter, 2010).

1.1.3.1 Direct Effector Functions

Direct effector functions of therapeutic antibodies result from the interaction of the Fab
domain with the antigen, which can either be membrane-bound or soluble. Antibodies or
antibody fragments targeting soluble molecules can impede ligands, such as cytokines,
from activating their cognate receptors (figure 5A). For instance, antibodies specific for
the pro-inflammatory cytokine TNF-a such as adalimumab, golimumab or infliximab are
clinically applied in the treatment of autoimmune diseases and chronic inflammatory
bowel disease (Chan and Carter, 2010). On the other side, antibody blockade of cell
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surface receptors or the competition for receptor binding between therapeutic antibodies
and ligands can prevent receptor activation and thus disrupt signaling (figure 5B). In
cancer immunotherapy, antibodies specific for cancer cell-expressed members of the
ErbB receptor family such as the anti-HER2 antibody trastuzumab or the anti-EGFR
antibodies cetuximab and panitumumab prevent receptor dimerization, disrupt
proliferative signaling and thus induce cell cycle arrest or apoptosis (Harries and Smith,
2002, Martinelli et al., 2009). Impressive results were also achieved with therapeutic
antibodies that abrogate co-inhibitory signaling in immune effector cells. Abrogation of
the signaling of such receptors, which under physiological conditions contribute to the
regulation of immune responses, can be exploited to initiate or modulate anti-cancer
immunity (figure 5C). Particularly in malignant melanoma, blockade of inhibitory
receptors in T cells by the anti-cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)
antibody ipilimumab or the anti-programmed cell death protein 1 (PD-1) antibody
nivolumab is applied with great clinical success (Buchbinder and Desai, 2016). In
contrast, binding of cell surface receptors such as HLA class Il or Fas receptor (FasR)
by therapeutic antibodies can also directly facilitate the activation of signaling cascades,
leading to cell cycle arrest or apoptosis (figure 5D) (Dechant et al., 2003, Trauth et al.,
1989). Furthermore, antibody binding of receptors or their ligands can result in receptor
internalization or downregulation of cell surface expression and thus modulate the
displayed amount of binding sites for a ligand, which is available for cellular activation
(figure 5E) (Redman et al., 2015). The internalization of cell surface molecules upon
antibody binding can additionally be harnessed to deliver cytotoxic or cytostatic agents
intracellularly (figure 5F). Examples for this strategy are the above-mentioned ADCs,
such as polatuzumab vedotin used in the treatment of lymphomas. It consists of the anti-
mitotic agent monomethyl auristatin E (MMAE) linked to a monoclonal, recombinant,
humanized IgG1 antibody specific for CD79b, a component of the B cell receptor. Upon
target ligation, the molecule is internalized, the linker domain between the antibody and
MMAE is cleaved by intracellular proteases and MMAE unfolds its anti-mitotic effect by

interfering with the polymerization of tubulin (Dornan et al., 2009, Tilly et al., 2022).
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Figure 5: Direct effector functions of therapeutic antibodies. Direct effector functions result from the
interaction of the antibody (Ab) Fab fragment with the antigen (Ag). (A) Antibodies can neutralize soluble
ligands and thus prevent the activation of their cognate receptor. (B) Competitive binding of antibodies and
cell-bound or soluble ligands to receptors can impede receptor activation. (C) Antibodies can abrogate inhi-
bitory interactions between cells. The antibody blockade of co-inhibitory receptors in immune effector cells
can enhance anti-tumor effector functions, such as cytotoxicity or phagocytosis. (D) Antibody binding of
inhibitory receptors can activate suppressive intracellular downstream signaling cascades, resulting in cell
cycle arrest or apoptosis. (E) Receptor ligation by antibodies can result in receptor internalization and thus
modulate the amount of displayed binding sites for ligands. (F) Antibody-drug-conjugates (ADC) carrying
toxic payloads, such as cytostatic drugs, can directly mediate cytotoxicity upon internalization.

1.1.3.2 Indirect Effector Functions

In addition to effects mediated directly through antibody ligation of its epitope, therapeutic
antibodies can activate components of the immune system. Such therapeutic effects,
referred to as indirect effector functions, are conveyed through the interplay between the
Fc fragment and effector cells or the complement system (figure 6).

Via the classical activation pathway of the complement system, binding of the C1q sub-
unit of the complement complex C1 to the Fc fragment of cell-associated antibodies can
result in the cleavage of the complement factors C2 and C4, leading to the formation of
a membrane attack complex (MAC) and the lysis of the antibody-bound cell. This effector
mechanism is referred to as complement-dependent cytotoxicity (CDC; figure 6A)
(Dunkelberger and Song, 2010). Furthermore, the deposition of complement fragments
such as the opsonin C3b on the cell surface provides an activating signal for immune
effector cells and thus enables the elimination of target cells through complement-de-
pendent cell-mediated phagocytosis (CDCP) by neutrophil granulocytes and macropha-
ges (Vandendriessche et al., 2021) or complement-dependent cell-mediated cytotoxicity
(CDCC) by NK cells and T cells (Lee et al., 2017).
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Cell surface-bound therapeutic antibodies are also capable of recruiting and activating
immune effector cells. Through the engagement of FcRs on monocytes and macropha-
ges, antibodies specific for a tumor-expressed antigen provide an activating signal to
induce antibody-dependent cellular phagocytosis (ADCP) of malignant cells (figure 6B).
Remarkably, the anti-cancer effect of an Fc-engineered CD19 antibody was abrogated
upon the depletion of macrophages in a murine xenograft model of BCP-ALL, high-
lighting the importance of this effector mechanism during antibody treatment (Schewe et
al., 2017). Expression of FcRs is not only found in macrophages, but also in other
populations of immune effector cells, including natural killer (NK) cells and neutrophil
granulocytes (Peipp et al., 2022, Behrens et al., 2023). NK cell recruitment and activation
through FcR-engagement by cancer cell-bound therapeutic antibodies can result in the
release of perforin and granzyme-containing lytic granula and thus facilitate the lysis of
cancer cells, referred to as antibody-dependent cell-mediated cytotoxicity (ADCC; figure
6C) (Peipp et al., 2022). In neutrophil granulocytes, recognition of cancer cell-bound
antibodies through FcRs promotes the formation of a cytotoxic synapse leading to cancer
cell elimination through trogoptosis, as well as the initiation of apoptosis in malignant
cells, for instance via the Fas-Fas-ligand pathway or via the ligation of death receptors
by TNF-related apoptosis-inducing ligand (TRAIL) (Behrens et al., 2023).
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Figure 6: Indirect effector functions of therapeutic antibodies. Indirect effector functions result from the
interaction of the antibody (Ab) Fc domain with activating Fc receptors (FcR) on immune effector cells or the
complement system. Ligation of the complement component 1q (C1q) can initiate the classical complement
cascade and elimination of the target cell by complement-dependent cytotoxicity (CDC; (A)). The recognition
of target cell-bound antibodies by immune effector cells through FcRs can result in effector cell activation
and thus mediate antibody-dependent cellular phagocytosis (ADCP; (B)) by macrophages or antibody-de-
pendent cell-mediated cytotoxicity (ADCC; (C)) by NK cells.
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1.1.4 Immune Effector Cells for Therapeutic Antibodies

Numerous animal experiments identified the FcR-mediated recruitment and activation of
immune effector cells to be a particularly important effector function of many therapeutic
antibodies (Clynes et al., 2000, Weiskopf and Weissman, 2015, Wang et al., 2015, de
Haij et al., 2010). In addition, observations from clinical studies clearly identified FCcR-
engagement on immune effector cells to be critically involved in the response to
treatment with therapeutic antibodies (Cartron et al., 2002, Weng and Levy, 2003).

A range of FcRs for the different antibody isotypes exists in humans. FcRs differ in their
expression pattern on immune cells, in the signaling pathways they induce, as well as in
their affinity to the Fc fragment. For I1gG, the repertoire expressed by effector cells
includes the four activating FcyRs FcyRI (CD64), FcyRIIA (CD32a), FcyRIIC (CD32c)
and FcyRIIIA (CD16a), the inhibitory receptor FcyRIIB (CD32b), and FcyRIIIB (CD16b)
with a still unclear role (table 1). FcyRs belong to the Ig superfamily. Activating FcyRs
are either composed of an a chain for Fc-binding and a y chain dimer, which mediates
signal-transduction (FcyRI, FcyRIIIA), or consist of a single a chain (FcyRIIA, FcyRIIC).
They transduce activating signaling via immunoreceptor tyrosine-based activating motifs
(ITAM). The inhibitory FcyRIIB comprises a single a chain and contains immunoreceptor
tyrosine-based inhibitory motifs (ITIM) in its cytoplasmic domain (Ben Mkaddem et al.,
2019, Nimmerjahn and Ravetch, 2008). FcyRIIIB has no intracellular domain and is
linked to the cell membrane via a glycosyl-phosphatidylinositol (GPI) anchor. Only FcyRI
binds Fc fragments with a high affinity, the affinity of all other FcyRs is lower (Nimmerjahn
and Ravetch, 2008). Except for FcyRI, which is capable of binding monomeric IgG
molecules due to an additional Ig-like portion in its extracellular domain, activation of all
FcyRs requires the interaction with multiple IgG molecules within an immune complex
(Harrison et al., 1994). In contrast to the broad spectrum of FcyRs, in humans only one
FcR specific for the IgA Fc fragment is known (FcaRI / CD89) (Leusen, 2015).
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Table 1: Human FcyRs."

Activating Inhibitory
Name FcyRI FcyRIIA FcyRIIC FcyRIIIA FcyRIIIB FcyRIIB
(CD64) (CD32a) (CD32c) (CD16a) (CD16b) (CD32b)
Affinity High Low to medium
Structure Ligand- Single ITAM- Single ITAM- Ligand- Single glycosyl- Single ITAM-
binding a bearing a bearing a binding a phosphatidylinositol | bearing a
chain and chain chain chain and (GPI)-anchored a chain
signal- signal- chain
transducing, transducing,
ITAM-bearing ITAM-bearing
y chain-dimer y chain-dimer
Alleles - FcyRIIAT31H - FcyRINA™8Y Neutrophil specific FcyRIIB232
FcyRIIAT3R FcyRIIAT58F antigen (NA) 1, FcyRIIB232T
NA2
Expression Monocytes, Monocytes, Monocytes, Monocytes, Neutrophils, Monocytes,
pattern macrophages, macrophges, macrophages, | macrophages, basophils macrophages,
neutrophils neutrophils, neutrophils, NK cells, neutrophils,
(inducible), basophils, NK cells yo T cells basophils
mast cells eosinophils, DC,
(inducible), thromobocytes, B cells,
dendritic cells DCs, CD4* T cells
(DC) CD4* T cells (inducible)
(inducible)

1 Modified from Nimmerjahn and Ravetch, 2008, and Ben Mkaddem et al., 2019.

1.1.4.1 NK Cells

NK cells are cytotoxic lymphocytes of the innate immune system and contribute to the
immunosurveillance of cancer (Morvan and Lanier, 2016). They lack antigen-specific
receptors. Instead, a complex interplay of stimulating and inhibitory receptors allows
them to distinguish between normal tissue and malignant or virus-infected cells. Activa-
ting NK cell receptors, such as natural killer group 2 member D (NKG2D), recognize
germline-encoded, stress-inducible signal molecules expressed by malignant or virus-
infected cells and, upon ligation, facilitate target cell lysis (Peipp et al., 2022). Inhibitory
receptors, such as the HLA class | receptors killer cell immunoglobulin-like receptors
(KIR) and the inhibitory subfamily B of leukocyte immunoglobulin-like receptors (LIR)
sense the absence of constitutively expressed self molecules. The loss of self molecules,
in particular HLA class | molecules, leads to diminished inhibitory signaling and reduces
the NK cell activation threshold. This concept is also referred to as the ‘missing self
hypothesis (Vivier et al., 2008, Ljunggren and Karre, 1990). Furthermore, CD56%™ NK
cells, the most abundant subtype of NK cells in the peripheral blood, carry FcyRIIIA,
which allows them to detect antibody-coated target cells. Thus, they represent important
effector cells in antibody-based cancer immunotherapies through mediating ADCC. In
regard of the low affinity of FcyRIIIA to the antibody Fc domain, strategies to improve NK
cell-mediated lysis of cancer cells include antibody Fc engineering to increase the Fc

domains’ affinity for FcyRIIIA, as for example in obinutuzumab, an Fc-glyco-engineered
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antibody specific for CD20, or bispecific antibodies bearing high affinity, FcyRIIIA-
engaging Fab or scFv domains (Peipp et al., 2022).

1.1.4.2 T Cells

T cells are part of the adaptive immune system. They recognize foreign antigens and
contribute to the generation and maintenance of immunologic memory for immune
surveillance in infections and cancer. Thus, T cells are key effectors of adaptive cell-
mediated immunity (Raskov et al., 2021). To discriminate between normal cells and
abnormal, virus-infected or malignant cells, CD8" T cells express T cell receptors (TCR).
TCRs recognize peptides derived from cytoplasmic proteins degraded by the protea-
some, which are presented by HLA class | molecules (Raskov et al., 2021). Upon TCR-
mediated recognition of a specific antigen and the presence of a co-stimulatory signal
through the engagement of T cell-expressed CD28, activated CD8" T cells eliminate
target cells through the formation of pores in the target cell membrane followed by the
release of toxic granules containing granzymes, perforin, cathepsin C and granulysin, as
well as the ingestion of granulysin, perforin and granzymes by target cells through
endocytosis of cytotoxic T cell membranes. Additionally, CD8" T cells can trigger
apoptosis by the expression of Fas-ligand for activation of the death receptor Fas in
target cells (Raskov et al., 2021). Except for specific subsets, T cells do not carry FcyRs
(Sandor and Lynch, 1993). Thus, T cells do not eliminate cancer cells through the
recognition of cancer cell-bound therapeutic antibodies. Instead, targeting inhibitory T
cell receptors such as PD-1 or its ligand (programmed cell death ligand 1, PD-L1), which
mediate immune tolerance in T cells under physiological conditions, has been pursued
with great success (Sharpe and Pauken, 2018, Robert et al., 2015, Motzer et al., 2015,
Ansell, 2021). As mentioned above, other approaches to achieve T cell cytotoxicity in an
HLA-independent manner include BsAbs bearing specificity for CD3 and a cancer cell-

expressed antigen or the genetic modification of T cells to display antigen-specific CARs.

1.1.4.3 Neutrophil Granulocytes

Neutrophil granulocytes account for 50 — 70% of the circulating leukocytes and thus
represent the major type of immune cell in humans. They are a component of the innate
immune system and are critically involved especially in the initial immune reaction to
bacterial and fungal infections (Behrens et al., 2023). Upon interaction with different
pathogen-associated molecular patterns (PAMP) via pattern-recognition receptors
(PRR) such as Toll-like receptors (TLR), they exert a broad variety of effector functions
including degranulation and the release of toxic enzymes such as myeloperoxidase

(MPO), the release of reactive oxygen species (ROS), the formation of neutrophil
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extracellular traps (NET), trogocytosis, as well as phagocytosis. Particularly upon
activation, neutrophil granulocytes express activating FcyRI and FcyRIIA (Wang and
Jonsson, 2019). Thus, neutrophils have been demonstrated to function as effector cells
in antibody-based cancer immunotherapies through neutrophil-mediated ADCC
(Behrens et al., 2023, Burn et al., 2021). In humans, neutrophil granulocytes also express
the GPIl-anchored FcyRIIIB, which lacks an intracellular signaling domain and was sug-
gested to function as a decoy receptor. The display of FcyRIIIB, as well as the expression
of the inhibitory FcyRIIB in neutrophil granulocytes limits the potential of IlgG-mediated
ADCC (Chan et al., 2022, Treffers et al., 2018). However, neutrophil granulocytes
express FcaRl, which enables them to interact with complexes of IgA. Interestingly,
compared to IgG, therapeutic IgA molecules were demonstrated to induce more robust
activation and stronger ITAM signaling in neutrophil granulocytes and thus may display
an attractive alternative antibody isotype to optimize the involvement of neutrophil

granulocytes during cancer immunotherapy (Chan et al., 2022).

1.1.4.4 Monocytes and Macrophages

Monocytes, together with macrophages and dendritic cells (DC), form the mononuclear
phagocyte system. They make up 4 — 8 % of the peripheral blood leukocytes and
possess the ability to differentiate into macrophages or DCs. Furthermore, monocytes
express FcyRs and thus mediate effector functions such as ADCC and ADCP (Jakubzick
et al., 2017).

Macrophages are mononuclear leukocytes with a wide distribution in lymphoid and non-
lymphoid tissues. They are an essential element of innate immunity and critically
contribute to the development, homeostasis and repair of tissues, as well as to inflam-
mation and immune responses in infections and cancer (Wynn et al., 2013, Mantovani
et al., 2022).

The extent of anatomical and functional plasticity of macrophages is unique among the
hematopoietic system. Microenvironmental signals such as cytokines, microbial pro-
ducts, as well as autocrine and paracrine signaling profoundly influence the function of
macrophages and facilitate their differentiation towards distinct phenotypes (Wynn et al.,
2013). Particularly the exposure to either interferon (IFN)-y, a cytokine secreted by T
helper (Th) 1 cells or interleukin (IL)-4 released by Th2 cells influences the polarization
of macrophages (Mills et al., 2000). Besides cytokines, TLR-engagement on
macrophages by damage-associated molecular patterns (DAMP) or PAMPs as, for
instance, the bacterial membrane component lipopolysaccharide (LPS) have significant

impact on their state of polarization. Mirroring the nomenclature of the dichotomous
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subdivision of Th cells into Th1 and Th2 cells, macrophages were roughly categorized
into two subtypes according to their functional polarization. Differentially polarized
macrophages differ in their expression of receptors, their production of cytokines, their
effector functions and the chemokines they release (Mantovani et al., 2004). The
presence of IFN-y and LPS facilitates differentiation towards the phenotype of classically
activated, pro-inflammatory M1 macrophages. M1 macrophages are characterized by a
high capacity of antigen presentation, enhanced pathogen killing abilities and elevated
expression levels of CD80 and CD86, which bind CD28 and CTLA-4 on T cells and
support the stimulation of T cell responses. M1 macrophages furthermore produce toxic
intermediates such as ROS and release high levels of pro-inflammatory cytokines,
including IL-12, IL-23 and TNF-a (Mantovani et al., 2004). In contrast, exposure in
particular to IL-4 and IL-13 results in macrophage polarization towards an alternatively
activated, anti-inflammatory M2 phenotype. M2 macrophages are defined by enhanced
phagocytic capacity and display higher levels of CD163, a scavenger receptor specific
for haptoglobin-hemoglobin-complexes. They release vascular endothelial growth factor
(VEGF) and anti-inflammatory cytokines such as IL-10 and transforming growth factor
(TGF)-B. M2 macrophages thus critically facilitate neoangiogenesis, cancer progression
and the generation of an immunosuppressive milieu within the tumor microenvironment
(TME) (Mantovani et al., 2004, Roszer, 2015, Mantovani et al., 2022). Yet, the presence
of a broad spectrum of different microenvironmental signals leads to the acquisition of
an M2 phenotype with high phenotypic heterogeneity and different functional properties.
To take account of the different stimuli, the classification was subsequently expanded by
categorizing M2 macrophages into M2a (stimuli: IL-4 + IL-13), M2b (immune complexes
+ TLR agonists), M2c (IL-10) and M2d (IL-6) subtypes (Mantovani et al., 2004, Hourani
et al., 2021). However, macrophages are capable of high plasticity. Thus, M1 and M2
macrophages only represent the two extremes of a spectrum of macrophage activation
with the possibility of intermediate subsets of phenotypes (Hourani et al., 2021).

In cancer, macrophages play a dichotomous role. They are present at all stages of can-
cer development and progression (Nielsen and Schmid, 2017). Besides genetic alter-
ations that lead to the activation of oncogenes or the inactivation of tumor-suppressor
genes, inflammation substantially contributes to the malignant degeneration of cells and
tumor progression (Coussens and Werb, 2002). In immunologically ‘hot’ tumors, which
are characterized by pronounced infiltration by inflammatory cells such as macrophages,
enhanced anti-tumor immune responses are observed. However, continually over-ac-
tivated, inflammatory M1 macrophages contribute to the establishment and maintenance

of ‘smoldering’ inflammation through the release of inflammatory cytokines (Balkwill and
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Mantovani, 2001, Mantovani et al., 2008). Such chronic inflammation conversely pro-
motes tumor development and progression. Progressive proliferation of tumors gives rise
to the establishment of a TME, in which various cues such as the cytokine spectrum and
interactions with tumor cells or the extracellular matrix facilitate the phenotype and
functions of macrophages to markedly change from an immunologically active M1 state
towards an anti-inflammatory M2-like phenotype. Such pro-tumorigenic tumor-
associated macrophages (TAM) are among the most abundant cells within the TME and
can ultimately account for almost 50% of the tumor mass in solid tumors. They contribute
critically to the formation of an immunosuppressive environment and promote angio-
genesis, proliferation, tissue invasion and metastasis (Qian and Pollard, 2010, Nielsen
and Schmid, 2017). Consequently, it is not surprising that pronounced presence of TAMs
is associated with a poor outcome in various cancer entities including Hodgkin’s
lymphoma, esophageal cancer and breast cancer (Steidl et al., 2010, Yagi et al., 2019,
Larionova et al., 2020). However, there are exceptions and some studies also report a
favorable role of macrophage infiltration, for instance in colon cancer (Larionova et al.,
2020).

In contrast to their substantial role in cancer development and progression, numerous
observations suggested macrophages to also be key effector cells for therapeutic
antibodies such as rituximab (Marshall et al., 2017, Wynn et al., 2013, Feng et al., 2019,
Uchida et al., 2004, Gong et al., 2005). Human macrophages express all three activating
FcyRs and are capable of eliminating malignant cells directly through ADCP and ADCC
during antibody therapy. Additionally, macrophages are antigen presenting cells (APC)
and may thus even promote adaptive anti-cancer immunity by presenting cancer
antigens to T cells (Gul and van Egmond, 2015, Feng et al., 2019). Of note, studies in
B-NHL patients demonstrated a positive correlation between high contents of TAMs and
improved survival when patients received treatment with rituximab. Thus, in these
patients treatment with rituximab reversed the association between a high frequency of
TAMs and adverse outcome (Canioni et al., 2008, Taskinen et al., 2007, Riihijarvi et al.,
2015). Also, certain chemotherapeutic agents may hold the potential to further promote
macrophage-mediated effector functions during antibody therapies. For instance, in a
mouse model of BCP-ALL, cyclophosphamide enhanced the macrophage phagocytosis

of leukemia cells by the CD52 antibody alemtuzumab (Pallasch et al., 2014).
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1.2 Strategies to Improve Macrophage ADCP of Cancer Cells

Antibody-based therapies have fundamentally improved the treatment options in many
cancer entities (Carter and Lazar, 2018). However, not all patients benefit and relapsed
or refractory disease remains challenging. In consideration of the important role of mac-
rophages, different approaches were pursued to optimize their recruitment and ADCP
function. Particularly promising are strategies that aim to increase the antibody’s affinity
for activating FcyRs through antibody Fc engineering or the blockade of inhibitory
receptors, which impede FcyR-mediated effector cell activation (Kellner et al., 2017,
Feng et al., 2019).

1.2.1 Antibody Fc Engineering

Fc-mediated, indirect effector functions, such as ADCC, CDC and ADCP have been
shown to be important effector mechanisms in antibody-based cancer immunotherapies
(Kellner et al., 2017, Rogers et al., 2014, Schewe et al., 2017). Deeper insights into the
mechanisms of action of therapeutic antibodies have laid the foundation for different
strategies to modulate antibody effector functions by specific modifications of the Fc
fragment. These approaches include the already mentioned modification of the Fc-linked
glycan (Fc glyco-engineering), as well as modification of the amino acid sequence (Fc
protein-engineering) (Kellner et al., 2017). Fc protein-engineering can be applied to
enhance the affinity for activating FcyRs and thus improve the recruitment and activation
of effector cells. For instance, modifying the Ch2 domains of the tumor targeting anti-
bodies trastuzumab or rituximab with the amino acid exchanges S239D and I332E
augmented the antibodies’ affinities for FcyRIIIA and FcyRIIA and thus enhanced ADCP
of cancer cells relative to the corresponding native antibodies (Lazar et al., 2006).
Remarkably, a surrogate of the Fc-engineered CD19 antibody tafasitamab was more
effective in promoting ADCP than its non-engineered counterpart and prolonged survival
in patient-derived xenograft models of pediatric BCP-ALL (Schewe et al., 2017). In con-
trast, genetic modification of the antibody Fc fragment also enables the generation of
antibodies showing no detectable interaction with FcyRs or complement factors.
Clinically, such non-immunostimulatory, Fc-silent antibodies may hold the potential to
minimize on-target side effects as they avoid the activation of immune effector cells
through FcyR-Fc interactions and provide pure receptor blockade, as desired for in-
stance in the inhibition of immune checkpoints expressed on immune cells (Vafa et al.,
2014, Tam et al., 2017).
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1.2.2 Phagocytosis Checkpoints

Another attractive emerging approach to enhance ADCP of cancer cells by macrophages
is the antibody masking of inhibitory checkpoints that hamper immune cell activation
through FcyR-engagement. The phagocytosis of cancer cells is controlled by a complex
interplay of activating and inhibitory signaling axes, which may represent viable targets
for antibody therapeutics (Liu et al., 2023b).

Among the myeloid inhibitory receptors, signal regulatory protein (SIRP) a is particularly
well characterized. Upon recognition of its ligand CD47, a ‘Don’t Eat Me!’ signal with a
ubiquitous expression pattern in humans, SIRPa transduces an inhibitory signal in
macrophages via the phosphorylation of intracellular ITIMs and, as a consequence,
strongly hampers the phagocytosis of cancer cells (Barclay and Van den Berg, 2014).
Thus, SIRPa signaling attenuates the efficacy of cancer cell-bound therapeutic
antibodies to induce phagocytosis through the engagement of FcyRs on macrophages.
Furthermore, elevated expression of CD47 is frequently found in a variety of cancers,
rendering the CD47:SIRPa axis a potential immune escape mechanism. Antibodies
masking either CD47 or SIRPa notably promoted macrophage phagocytosis in vitro and
in tumor xenograft models (Barclay and Van den Berg, 2014, Logtenberg et al., 2020).
For instance, under rituximab therapy, co-treatment with CD47-blocking antibodies
promoted the uptake of lymphoma cells by macrophages in vitro and the antibody
combination was effective in murine B-NHL models (Chao et al., 2010). Furthermore,
concomitant treatment with the CD38 antibody daratumumab and CD47 inhibition was
efficient in patient-derived xenograft models of T cell acute lymphoblastic leukemia (T-
ALL) (Muller et al., 2022). Currently, various formats of therapeutic agents including
monoclonal antibodies targeting CD47 or SIRPa, SIRPa-Fc fusion proteins and small
molecule inhibitors are evaluated pre-clinically or clinically (Logtenberg et al., 2020, Yu
et al., 2021, Sikic et al., 2019, Yang et al., 2021, Yu et al., 2022). In B-NHL patients,
impressive effects were achieved when the CD47-directed IgG4 antibody magrolimab
was combined with rituximab in a clinical phase Ib study. In this study, 50% of the patients
responded to the treatment combination and 36% of the patients experienced a complete
response despite the inclusion only of patients that had relapsed or were refractory to at
least two previous lines of therapy (Advani et al., 2018).

Emerging evidence indicates that also the PD-L1:PD-1 axis contributes to the regulation
of macrophages. Expression of PD-1 was found especially in TAMs and was associated
with reduced phagocytic capacity in vivo. Of note, the reduction of tumor growth achieved
by anti-PD-1 antibodies or a PD-L1-blocking soluble fragment of the PD-1 ectodomain

was abrogated by the depletion of TAMs in a xenograft model of colon cancer in mice
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(Gordon et al., 2017). This finding highlights the critical contribution of macrophages to
the therapeutic effect during inhibition of the PD-L1:PD-1 axis.

Sialic acid-binding Ig-like lectin (Siglec)-10 is another ITIM-bearing myeloid inhibitory re-
ceptor, which has gained increasing attention as a phagocytosis checkpoint. Expression
of its ligand CD24, a sialylated cell surface antigen for which elevated expression levels
are found in many cancer entities, has been shown to mediate protection from
macrophage phagocytosis in malignant cells. Thus, monoclonal CD24 antibodies signi-
ficantly promoted the clearance of mantle cell lymphoma (MCL) cells in vitro and of
breast cancer cells in vivo by macrophages (Freile et al., 2022, Barkal et al., 2019).

The number of identified potential immune checkpoints in macrophages is steadily

increasing. Recent findings imply that LIRs also may play an important role.

1.3 Leukocyte Imnmunoglobulin-Like Receptors as Targets for

Immune Checkpoint Blockade

LIRs are a heterogeneous family of activating or inhibitory receptors expressed by a wide
variety of immune and non-immune cells. The two best characterized LIRs, leukocyte
immunoglobulin-like receptor subfamily B member 1 (LILRB1) and LILRB2 are inhibitory
receptors for classical and non-classical HLA class | molecules. Both LILRB1 and
LILRB2 have recently gained attention as promising potential target antigens for cancer
immunotherapy (Zeller et al., 2023b, Chen et al., 2018).

LILRB1, also referred to as Ig-like transcript (ILT) 2, monocyte / macrophage lg-like
receptor (MIR) 7 or CD85j, is the most widely expressed LIR. LILRB1 is found on
monocytes, macrophages, DCs, granulocytes, mast cell progenitors, osteoclast
precursors, B cells and subpopulations of T cells and NK cells (Colonna et al., 1997, Mori
et al., 2008, Carenza et al., 2019, Lewis Marffy and McCarthy, 2020, Tedla et al., 2008,
Lesport et al., 2011, Zeller et al., 2023b). The receptor contributes to the regulation of
various immune functions, such as differentiation, proliferation, cytokine release, antigen
presentation and antibody production (Colonna et al., 1997, De Louche and Roghanian,
2022, Tenca et al., 2005, Young et al., 2008, Merlo et al., 2005, Naji et al., 2014).
Engagement of LILRB1 has been demonstrated to hamper the cytotoxicity of LILRB1-
expressing NK cells and T cells (Colonna et al., 1997, De Louche and Roghanian, 2022).
Importantly, more recently regulatory checkpoint functions in phagocytosis through the
recognition of HLA class | molecules have been shown for LILRB1 (Feng et al., 2019,
Barkal et al., 2018). Thus, the abrogation of LILRB1 signaling may hold the potential to

stimulate both innate and adaptive immunity.
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LILRB2, also termed ILT4, MIR10 and CD85d, is mainly expressed in myeloid cells.
However, it is also found in other cell populations, such as osteoclasts and mast cell
progenitors (van der Touw et al.,, 2017, Colonna et al., 1998, Tedla et al., 2008).
Interestingly, LILRB2 has been demonstrated to also be displayed on hematopoietic
stem cells (Zheng et al., 2012). For LILRB2, an important role in the polarization of
macrophages has been shown (Chen et al., 2018).

Both LILRB1 and LILRB2 have been demonstrated to be involved in various conditions,
such as infections, autoimmune diseases, as well as cancer (De Louche and Roghanian,
2022, Abdallah et al., 2021, Deng et al., 2021, Hudson and Allen, 2016, Naji et al., 2014,
Monsivais-Urenda et al., 2013, Doniz-Padilla et al., 2011, Kuroki et al., 2005, Li et al.,
2020, Alaoui et al., 2018, Tedla et al., 2011).

1.3.1 Genetics, Structure and Signaling of LILRB1 and LILRB2

LILRB1 and LILRBZ2 are members of the LIR gene family, which contains eleven protein-
encoding genes and two pseudo genes (De Louche and Roghanian, 2022, Abdallah et
al., 2021, Liu et al., 2000, Storm et al., 2021). The genes are clustered on chromosome
19913.4 in the leukocyte receptor complex (LRC) and are located closely to the genes
of a number of related receptors, such as KIRs. LIRs are divided into two subfamilies
with opposing signaling characteristics (Abdallah et al., 2021, van der Touw et al., 2017,
Brown et al., 2004). Subfamily A comprises the five cell surface molecules LILRA1,
LILRAZ2 and LILRA4-6, which associate with the ITAM-containing FcR y chain and exert
activating functions, and the soluble protein LILRA3. The inhibitory subfamily B includes
the five type | transmembrane proteins LILRB1-5. LILRB have two to four Ig-like domains
that mediate ligand-binding in their extracellular portion and contain two to four ITIMs for
signal-transduction in their intracellular portion (De Louche and Roghanian, 2022, van
der Touw et al., 2017, Deng et al., 2021). Expression of LILRBs is found exclusively in
primates and humans. However, orthologs are known in other species, such as the
murine paired lg-like receptor B (PirB) 18 and gp49B1 (Storm et al., 2021, Deng et al.,
2021). As the structurally related KIRs, LILRB receptors are polymorphic, yet to a smaller
degree. However, LILRB1 and LILRB2 show noticeable allelic diversity (Brown et al.,
2004, Liu et al., 2022, Oliveira et al., 2022).

LILRB1 is a 650 amino acid glycoprotein with an apparent molecular weight of approx-
imately 110 — 120 kDa that comprises four extracellular Ig-like domains and a cyto-
plasmic tail with four ITIM or ITIM-like sequences (figure 7) (Cosman et al., 1997).
LILRB2, a 597 amino acid glycoprotein of approximately 95 kDa also comprises four

extracellular Ig-like domains. However, in contrast to LILRB1, LILRB2 contains only three
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ITIM sequences in its intracellular portion (figure 7) (Colonna et al., 1998). For both
receptors, variants were described that differ in their length.

Both LILRB1 and LILRB2 exert their inhibitory functions by interfering with the activity of
intracellular kinases. Thus, ligand-binding results in the phosphorylation of tyrosines
within the ITIMs and recruitment of the phosphatase SRC-homology 2 domain-
containing phosphatase (SHP)-1 (Colonna et al., 1997, Cosman et al., 1997, Fanger et
al., 1998, Kang et al., 2016). Additionally, recruitment of SHP-2 has been reported
(Ketroussi et al., 2011, Shao et al., 2018). The activated phosphatases dephosphorylate
ITAMs, as for instance in the cytoplasmic portion of FCRs, and impede major kinases
involved in immune cell activation, such as spleen tyrosine kinase (SYK), SRC, zeta-
chain associated protein kinase 70-kDa and phosphatidylinositol-4-phosphate 3-kinase
(Kang et al., 2016).
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Figure 7: Structure of LILRB1 and LILRB2. LILRB1 and LILRB2 contain four extracellular Ig-like domains
(D1-D4). Contact with HLA class | / 32 microglobulin (32m) complexes locates to the D1 and D2 domains.
Signal-transduction is mediated through four (LILRB1) or three (LILRB2) intracellular ITIM sequences. Upon
receptor-engagement, tyrosine residues within the ITIM domains are phosphorylated and the receptors
impair effector cell activation, for instance through SHP-1 and SHP-2. Parts of the figure were published in
Zeller et al., 2023b.

1.3.2 Broad Recognition of HLA Class | by LILRB1 and LILRB2

KIRs only recognize distinct allele variants of HLA class |. LILRB1 and LILRB2, however,
interact with a variety of HLA class | molecules and recognize various alleles of classical
HLA-A, HLA-B and HLA-C antigens, as well as the non-classical HLA molecules HLA-E,
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HLA-F and HLA-G (Willcox et al., 2003a, Jones et al., 2011, Lepin et al., 2000, Navarro
et al., 1999, Dulberger et al., 2017, Chapman et al., 1999, Shiroishi et al., 2006b, Allan
et al., 1999). Yet, binding affinities vary between different HLA molecules. For instance,
HLA-F and HLA-G were demonstrated to bind LILRB1 with a particularly high affinity.
Interestingly, HLA-G exerts immune suppressive functions and thus plays an important
role in cancer immune evasion. Of note, whereas LILRB1 only binds 2 microglobulin
(B2m)-associated HLA class | molecules, LILRB2 also recognizes B2m-free HLA
molecules (Jones et al., 2011, Shiroishi et al., 2006b).

Crystal structure analysis of ligand-receptor complexes revealed that for both LILRB1
and LILRB2 the binding site for HLA molecules is confined to the apical D1-D2 region,
which comprises two Ig-like domains (Willcox et al., 2003a, Chapman et al., 1999, Held
and Mariuzza, 2008). In contrast, the D3-D4 regions do not contribute to binding (Nam
et al., 2013, Wang et al., 2020b). The broad specificity for HLA class | molecules of
LILRB1 and LILRB2 in contrast to KIRs is a consequence of the distinct site of interaction
with the HLA/B2m complex. Crystallographic binding analyses with KIR2DL2 or KIR2DL3
and HLA-C revealed that KIRs mainly recognize the highly polymorphic helices of the a1
and a2 domains of HLA and interact with the C-terminal end of the peptide bound in the
groove between them (figure 8A) (Parham and Moffett, 2013, Boyington and Sun, 2002,
Boyington et al., 2000, Moradi et al., 2021). LILRB1, in contrast, binds the comparably
low polymorphic HLA a3 domain with the apical D1 domain and the conserved 2m
moiety predominantly with the D1-D2 interdomain hinge region (figure 8B) (Willcox et al.,
2003a, Chapman et al., 1999, Held and Mariuzza, 2008). Yet, the binding affinity is also
affected by LILRB1 polymorphisms, such as allele variants with differences in their D1-
D2 regions, as well as polymorphisms in the HLA a3 domain (Liu et al., 2022, Jones et
al., 2011). Compared to LILRB1, LILRB2 exhibits an overlapping, yet distinct mode of
binding HLA molecules. Slight structural differences cause LILRB2 to predominantly bind
to the a3 domain of HLA molecules (figure 8C) in contrast to LILRB1, which preferentially
binds B2m (Shiroishi et al., 2006b). This results in the above-mentioned (2m-
independent mode of HLA recognition by LILRB2 and the recognition also of open
conformers lacking 2m and peptides (Jones et al., 2011, Shiroishi et al., 2006b).
Besides HLA molecules, LILRB1 and LILRB2 have several more ligands (De Louche
and Roghanian, 2022, Deng et al., 2021, Kang et al., 2016). For instance, LILRB1 also
interacts with the calcium-binding proteins S100A8 and S100A9 (Arnold et al., 2013) and
recognizes several pathogen-derived ligands, including the human cytomegalovirus
(CMV) gene product UL18 (Cosman et al., 1997, Yang and Bjorkman, 2008), dengue
virus and bacterial antigens (Abdallah et al., 2021, Nakayama et al., 2007), along with
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distinct Plasmodium falciparum repetitive interspersed families of polypeptides (RIFINs)
(Saito et al., 2017). Among other ligands, LILRB2 also recognizes several angiopoietin-
like proteins (Zheng et al., 2012), 3-amyloid (Kim et al., 2013) and CD1d (Li et al., 2009).
Interestingly, the murine PirB has been shown to also function as a receptor for several
myelin inhibitors (e.g. Nogo66, MAG, OMgp) (Atwal et al., 2008).

RYRPGVTVAL

Figure 8: Recognition of HLA molecules by KIR2DL3, LILRB1 and LILRB2. (A) Killer immunoglobulin-
like receptors (KIR), such as KIR2DL3 (magenta) mainly interact with the highly polymorphic a1 and a2
domains of human leukocyte antigen (HLA) molecules (green) and the peptide bound in the groove between
them (blue; orange, $2m). The ribbon drawing of KIR2DL3 in complex with peptide (RYRPGVTVAL)-loaded
HLA-C is derived from the pdb file 6PAG (Moradi et al., 2019, Moradi et al., 2021). (B) Leukocyte
immunoglobulin-like receptor subfamily B member (LILRB) 1 (magenta) recognizes the comparably low
polymorphic HLA a3 domain (green) with the D1 domain and the conserved 32m moiety (orange) with the
D1-D2 interdomain hinge region. The ribbon drawing of LILRB1 in complex with HLA-A2 is derived from pdb
file 1P7Q (Willcox et al., 2003b, Willcox et al., 2003a). (C) Contact sites for LILRB2 (magenta) are also within
the a3 domain of HLA (green) and 2m (orange). In contrast to LILRB1, LILRB2 predominantly binds to the
a3 domain of HLA, resulting in a B2m-independent mode of HLA recognition. The ribbon drawing of LILRB2
complexed with HLA-G is derived from the pdb file 2DYP (Shiroishi et al., 2006a, Shiroishi et al., 2006b). All
crystal structure images are sourced from the RCSB Protein Data Bank (RCSB.org) (Berman et al., 2000,
Berman et al., 2003) and were created using Mol* (Sehnal et al., 2021).

1.3.3 LILRB1 and LILRB2 in the Regulation of Macrophages

Monocytes and macrophages carry all receptors of the inhibitory subfamily B of LIRs,
including the HLA receptors LILRB1 and LILRB2 (van der Touw et al., 2017, Colonna et
al., 1997, Barkal et al., 2018, Colonna et al., 1998). Cross-linking of LILRB1 in parallel to
ligation of HLA-DR has been shown to result in downregulation of Ca** mobilization in
monocytes and macrophages (Colonna et al., 1997). Importantly, LILRB1- and LILRB2-

engagement has been demonstrated to inhibit FcR-mediated tyrosine kinase-dependent
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signaling in monocytes. Upon co-engagement of FcyRI and either LILRB1 or LILRB2,
decreased tyrosine phosphorylation of the FcR y-chain and SYK were observed. This
led to a substantial decrease in FcyRI-mediated intracellular Ca®* mobilization (Fanger
et al.,, 1998). Thus, LILRB1 and LILRB2 signaling may also interfere with antibody
effector functions conveyed through FcRs, such as ADCP. In fact, ligation of LILRB1 by
HLA class | impaired phagocytosis by macrophages (Barkal et al., 2018). In a study
aiming to elucidate inhibitory signaling pathways that limit macrophage phagocytosis of
solid tumor cell lines upon CD47 antibody blockade, HLA class | molecules were found
to be critical inhibitory regulators. Thus, gene knockout experiments identified LILRB1
as the major HLA class | receptor in macrophages responsible for this observation
(Barkal et al., 2018). For LILRB2, a regulatory role in the phagocytosis of E. coli by
macrophages has been suggested (Chen et al., 2018). Whether LILRB1 and LILRB2 are
involved also in the regulation of macrophage phagocytosis of lymphoma cells is
currently not known.

Apart from their function as regulators of phagocytosis, LILRB1 and LILRB2 may also
contribute to the regulation of macrophage polarization. The abrogation of LILRB2
signaling has been demonstrated to facilitate the polarization of macrophages towards
an inflammatory phenotype. Furthermore, stimulation of anti-LILRB2 antibody-treated
macrophages with LPS augmented secretion of the pro-inflammatory cytokine TNF-a
and favored inflammatory pathways, as indicated by increased phosphorylation of
transcription factors such as nuclear factor kappa-B (NFkB), signal transducer and acti-
vator of transcription 1 (STAT1), extracellular-signal regulated kinases (ERK) 1/2, as well
as p38 (Chen et al., 2018). A similar regulatory function has also been suggested for
LILRB1. Thus, LILRB1 expression has been shown to be correlated with the expression
of M2 macrophage-related antigens, such as CD163 or CD204, and gene knockout of
LILRB1 in macrophages resulted in an increase of the proportion of immunophenotypical

M1 macrophages in vitro (Zhang et al., 2021, Barkal et al., 2018).

1.3.4 LILRB1 and LILRB2 in Cancer

Numerous studies have shown that LILRB receptors are involved in the evolution and
progression of cancer and play a role during cancer treatments including immuno-
therapies (Kang et al., 2016, Carosella et al., 2021).

In various cancers, aberrant expression levels of LILRBs are found compared to adjacent
healthy tissue (Liu et al., 2014, Garcia et al., 2020). Importantly, the expression of LILRBs

and the immunosuppressive HLA-G correlated with poor differentiation and more ad-
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vanced disease (Redondo-Garcia et al., 2023, Zou et al., 2023, Zhang et al., 2021, He
et al., 2018).

Alterations in the expression of HLA class | are considered an important immune escape
mechanism that is frequently observed in cancer. Whereas downmodulation of HLA
class | allows cancer cells to avoid recognition by CD8" T cells, HLA class | also functions
as a marker of self and mediates tolerance by NK cells. Thus, reduced or deficient display
of HLA class | sensitizes cancer cells to attack by NK cells. Inhibition of NK cells upon
recognition of HLA class | molecules mainly involves KIRs and natural killer group 2
member A (NKG2A) among other receptors. However, an inhibitory function has also
been demonstrated for LILRB1. LILRB1 antibody blockade facilitated NK cell-mediated
cytotoxicity against cancer cells, especially when combined with blocking anti-KIR or
anti-NKG2A antibodies (Godal et al., 2010). Additionally, diminished display of HLA
molecules may render cancer cells more susceptible to phagocytic uptake by macro-
phages. Besides cytotoxic lymphocytes, also macrophages are a critical effector cell
population frequently found in the TME. Whereas M2-like pro-tumorigenic TAMs promote
angiogenesis, cancer cell proliferation and the establishment of an immunosuppressive
TME, macrophages are also capable of cancer cell phagocytosis and can even promote
adaptive immune responses. Similar to the interaction of cancer cell-expressed CD47
with SIRPa on macrophages, HLA class | molecules on cancer cells function as ‘Don’t
Eat Me!’ signals through the engagement of LILRB1 on macrophages. In murine xeno-
graft studies with human solid cancer cells carrying a mouse-human-chimeric 2m to
enable interaction with mouse macrophages, display of HLA class | has been discovered
to directly mediate protection of tumor cells from phagocytosis. In this study, gene-knock-
out of HLA class | consequently enhanced ADCP mediated by therapeutic antibodies
targeting epithelial cell adhesion molecule (EpCAM) or EGFR (Barkal et al., 2018).
Expression of LILRB1 and LILRB2 is found in a broad variety of cancers. Pronounced
expression of LILRB1 has been detected in peripheral T cells and NK cells, as well as in
the TME of patients with various solid tumors, including non-small cell lung cancer
(NSCLC), RCC, head and neck cancer, esophagus and colon carcinoma. Subsequent
analysis of cells in the TME revealed TAMs to be the immune cell population with the
highest expression level of LILRB1 (Mandel et al., 2022). Studies in gastric cancer pa-
tients demonstrated that LILRB1* TAMs expressed an immunosuppressive M2-like phe-
notype (Zhang et al., 2021). However, besides TAMs also other immune cell populations
in the TME, such as NK cells and certain CD8" T cells, carry LILRB1 (Mandel et al.,
2022). In general, higher expression levels of LILRB1 were associated with worse out-

come, as demonstrated for various cancers including gastric, prostate and ovarian can-
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cer (Zhang et al., 2021, Vittrant et al., 2020, Xu et al., 2023). Expression of LILRB2 within
the TME is also found in a number of different cancers, including breast cancer, colo-
rectal cancer and RCC (Liu et al., 2014, Cai et al., 2019, Garcia et al., 2020). Further
immuno-histochemical evaluation of breast cancer and RCC samples confirmed LILRB2
to also be expressed by immune cells within the TME, such as stromal macrophages
(Liu et al., 2014, Garcia et al., 2020). Elevated levels of LILRB2 expression in tumors
were associated with a worse prognosis (Redondo-Garcia et al., 2023). For instance,
LILRB2 overexpression promoted tumor progression and angiogenesis in a murine colon
cancer model (Liu et al., 2023a), an increased amount of LILRB2 mRNA went along with
shorter progression-free survival in prostate cancer patients (Vittrant et al., 2020) and
enhanced infiltration of pro-tumorigenic TAMs and impaired T cell proliferation and
cytotoxicity were demonstrated for LILRB2-overexpressing NSCLC (Chen et al., 2021b).
The discovery of the critical role of LILRBs in various cancers has raised the question
about the potential of immune checkpoint inhibition of LILRB1 or LILRB2 for cancer im-
munotherapy. Barkal and colleagues reported enhanced ADCP of solid cancer cell lines
displaying HLA class | by macrophages upon treatment with the murine hybridoma anti-
LILRB1 1gG2b clone GHI/75. However, this antibody needed concomitant CD47
blockade by the IgG4 antibody magrolimab to exhibit its effect (Barkal et al., 2018). In
contrast, the humanized, LILRB1-directed IgG4 antibody BND-22 not only promoted
macrophage ADCP of solid cancer cells by the anti-EGFR antibody cetuximab, but
proved efficient also as a single agent and induced the uptake of colon cancer cells by
human macrophages in a murine xenograft model (Mandel et al., 2022). Various studies
have confirmed that LILRB2 antibody blockade modulates the phenotype of TAMs
ultimately leading to improved T cell activation (Chen et al., 2021b, Niu et al., 2022, Zuck
etal., 2021). For instance, antagonistic murine hybridoma anti-LILRB2 antibodies shifted
the polarization of tumor-infiltrating myeloid cells towards an inflammatory, M1-like
phenotype and even promoted inflammation and adaptive immunity mediated by T cells
(Chen et al.,, 2018). However, whether antibody blockade of LILRB1 or LILRB2
possesses the ability to increase the phagocytosis of lymphoma cells by macrophages

is currently not known.
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1.4 Aims and Objectives

Even though therapeutic antibodies have fundamentally improved the treatment options
for cancer patients, relapsed or refractory disease is still a hurdle. Macrophages are key
effector cells during antibody therapies, as they express all FcyRs in humans and are
able to directly eliminate cancer cells through ADCP. An attractive approach to increase
ADCP of cancer cells is immune checkpoint blockade to abrogate inhibitory signaling. In
addition to CD47, HLA class | molecules were shown to impair phagocytosis in models
of solid tumors, but a role for HLA class | and its receptors LILRB1 or LILRB2 in the
regulation of CD20 antibody-mediated ADCP of lymphoma cells is still illusive. Here, it
was thus hypothesized that LILRB1 or LILRB2 signaling in macrophages hampers ADCP
of lymphoma cells and that their uptake can be enhanced by antibody blockade of the
two receptors. Hence, the main objective of this thesis was to determine the influence of
HLA class | expression on ADCP of lymphoma cells by CD20 antibodies and to evaluate
the potential of LILRB1- or LILRB2-masking antibodies to enhance ADCP.

To determine the influence of HLA class | expression on ADCP by CD20 antibodies, the
expression levels of HLA class |, CD47 and CD20 should be quantified and correlated to
the sensitivity to ADCP mediated by the CD20 antibody rituximab with or without CD47
blockade. For antibody blockade, Fc-silent anti-LILRB1 and anti-LILRB2 antibodies
(LILRB1-lgGo and LILRB2-IgGo, respectively) with abrogated FcyR binding should be
generated, purified and characterized biochemically. The antibodies should be analyzed
for antigen-specific binding and their ability to block the receptors’ interaction with HLA
molecules. Subsequently, the effect of HLA class | receptor blockade on ADCP of lym-
phoma cell lines should be determined. Monocytes should be isolated from the peripheral
blood of healthy donors and differentiated to macrophages ex vivo. LILRB1-IgGo or
LILRB2-IgGo should then be analyzed alone or in combination with the Fc-silent magroli-
mab variant CD47-1gGo for their ability to increase the CD20 antibody-mediated phago-
cytosis of lymphoma cells in fluorescence microscopy-based experiments. To analyze
also the kinetics of ADCP induced by therapeutic antibodies, the live cell imaging system
IncuCyte® should be established and employed for automated phagocytosis assays.
Also, a potential influence of the macrophage polarization state on ADCP of lymphoma
cells should be analyzed. Hereto, monocytes should be differentiated towards macro-
phages with MO, M1 or M2 phenotypes to compare them as effector cells in ADCP as-
says. Finally, the findings obtained with cell lines should be confirmed with patient-de-
rived lymphoma cells. Cancer cells should be enriched from the peripheral blood of lym-
phoma patients and the impact of LILRB1 or LILRB2 antibody masking on ADCP by
CD20 antibodies with or without co-inhibition of CD47 should be evaluated.
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Figure 9: Postulated effect of LILRB1 or LILRB2 antibody blockade on CD20 antibody-mediated
ADCP of lymphoma cells. Besides the CD47 receptor signal regulatory protein (SIRP) a, the inhibitory
receptors leukocyte immunoglobulin-like receptor subfamily B member (LILRB) 1 and LILRB2 for HLA class
| interfere with Fcy receptor (FcyR) signaling in macrophages. It was thus hypothesized that the blockade of
LILRB1 or LILRB2 with Fc-silent antibodies with mutated FcyR binding sites (i.e. LILRB1-lgGo and LILRB2-
IgGo, respectively) may increase ADCP of lymphoma cells by macrophages. The ability of LILRB1 or LILRB2
immune checkpoint blockade to enhance the CD20 antibody (CD20-Ab)-mediated phagocytosis of
lymphoma cells should be analyzed when applied alone or in combination with an Fc-silent version of the
antibody magrolimab specific for CD47 (referred to as CD47-19Go).
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2.1 Materials
2.1.1 Chemicals

Table 2: Chemicals.

Chemical

Materials and Methods

Manufacturer

Accutase

Thermo Fisher Scientific, Waltham, MA,
USA

Acrylamide bisacrylamide (37.5: 1) 30%

Carl Roth GmbH, Karlsruhe, Germany

Agarose Standard

Carl Roth GmbH, Karlsruhe, Germany

Albumin fraction V, biotin-free (BSA)

Carl Roth GmbH, Karlsruhe, Germany

Ammonium persulfate (APS)

Sigma-Aldrich, St. Louis, MO, USA

Ampicillin sodium salt

Sigma-Aldrich, St. Louis, MO, USA

Calcium chloride (CaCly)

Carl Roth GmbH, Karlsruhe, Germany

CaptureSelect™ IgG-Cn1 affinity matrix

Thermo Fisher Scientific, Waltham, MA,
USA

CellBrite™ Orange Cytoplasmic
Membrane Labeling Dye

Biotium, Inc., Fremont, CA, USA

Chloroquine diphosphate salt

Sigma-Aldrich, St. Louis, MO, USA

CryoSure-DMSO

WAK-Chemie Medical GmbH, Steinbach,
Germany

Distilled water (dH20)

Thermo Fisher Scientific, Waltham, MA,
USA

Ethanol 299,8 %

Carl Roth GmbH, Karlsruhe, Germany

Fetal calf serum (FCS)

Thermo Fisher Scientific, Waltham, MA,
USA

Ficoll® Paque Plus

Cytiva, Marlborough, MA, USA

Gamunex®10% 100 mg/ml

Grifols, Barcelona, Spain

Gel Loading Dye Purple (6 X)

New England BioLabs, Inc., Ipswich, MA,
USA

Glycine

Carl Roth GmbH, Karlsruhe, Germany

Hydrochloric acid (HCI)

Carl Roth GmbH, Karlsruhe, Germany

Immobilon™ Western Chemiluminescent
HRP Substrate

Millipore Corporation, Billerica, MA, USA

Immersol™ 518 F

Carl Zeiss AG, Jena, Germany

Isopropyl alcohol

Sigma-Aldrich, St. Louis, MO, USA

LB (Lysogeny broth) Agar (Lennox)

Carl Roth GmbH, Karlsruhe, Germany

LB (Lysogeny broth) Broth (Lennox)

Carl Roth GmbH, Karlsruhe, Germany
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Lipopolysaccharide from E. coli
0127:B8, BioXtra, y-irradiated

Sigma-Aldrich, St. Louis, MO, USA

Methanol 299,9 %

Carl Roth GmbH, Karlsruhe, Germany

NucBlue™ Live ReadyProbes™ Reagent
(Hoechst 33342)

Thermo Fisher Scientific, Waltham, MA,
USA

PageRuler™ Plus Prestained Protein
Ladder

Thermo Fisher Scientific, Waltham, MA,
USA

Pencillin 100 U/ml/streptomycin 100
ug/ml (Pen/Strep)

Lonza, Basel, Switzerland

Powdered milk

Carl Roth GmbH, Karlsruhe, Germany

Precision Plus Protein™ WesternC™
Blotting Standards

Bio-Rad Laboratories, Inc., Hercules,
CA, USA

Quick-Load® 1 kb Plus DNA Ladder

New England BioLabs, Inc., Ipswich, MA,
USA

Recombinant human GM-CSF

PeproTech, Cranbury, NJ, USA

Recombinant human IFN-y

PeproTech, Cranbury, NJ, USA

Recombinant human IL-10

PeproTech, Cranbury, NJ, USA

Recombinant human M-CSF

PeproTech, Cranbury, NJ, USA

Roti®-Blue

Carl Roth GmbH, Karlsruhe, Germany

Sodium chloride (NaCl)

Carl Roth GmbH, Karlsruhe, Germany

Sodium dodecyl sulfate (SDS)

Carl Roth GmbH, Karlsruhe, Germany

SYBR™ Safe DNA Gel Stain

Thermo Fisher Scientific, Waltham, MA,
USA

Tetramethylenediamine (TEMED)

Carl Roth GmbH, Karlsruhe, Germany

Tris(hydroxymethyl)aminomethan
PUFFERAN®

Carl Roth GmbH, Karlsruhe, Germany

Triton X-100 Sigma-Aldrich, St. Louis, MO, USA
Trypan Blue solution Sigma-Aldrich, St. Louis, MO, USA
TWEEN® 20 Carl Roth GmbH, Karlsruhe, Germany
2.1.2 Kits
Table 3: Kits.
Kit Manufacturer

Agilent Protein 230 Kit

Agilent Technologies, Inc., Santa Clara,
CA, USA

CFSE Cell Division Tracker Kit

BioLegend, San Diego, CA, USA

NucleoBond® Xtra Maxi

Macherey-Nagel, Dueren, Germany

NucleoSpin® Gel and PCR Clean-up

Macherey-Nagel, Dueren, Germany

NucleoSpin® Plasmid EasyPure

Macherey-Nagel, Dueren, Germany
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pHrodo® Red Cell Labeling Kit for
Incucyte® Phagocytosis Assays

Sartorius, Goettingen, Germany

Qifikit®

Dako, Glostrup, Denmark

Quick Ligation™ Kit

2.1.3 Buffers, Solutions and Media

Table 4: Buffers, solutions and media.

Buffer / Solution / Media

New England BioLabs, Inc., Ipswich, MA,
USA

Composition / Manufacturer

Blocking solution
(anti-human Ig-kappa LC blot)

TBS, 3.2% (m/v) BSA, 2.0% powdered
milk

Blocking solution
(anti-human IgG-Fc blot)

TBS, 5.0% (m/v) powdered milk

Coomassie Blue staining solution

dH20, 20% (v/v) methanol, 20% (v/v)
Roti®-Blue

Cut Smart® Buffer

New England BioLabs, Inc., Ipswich, MA,
USA

DL-Dithiothreitol solution (DTT)

Sigma-Aldrich, St. Louis, MO, USA

DMEM (1 X) + 4.5 g/L D-Glucose, L-
Glutamine

Thermo Fisher Scientific, Waltham, MA,
USA

Dulbecco’s Phosphate Buffered Saline (1
X, PBS)

Thermo Fisher Scientific, Waltham, MA,
USA

Dulbecco’s Phosphate Buffered Saline (1
X, PBS)

Sigma-Aldrich, St. Louis, MO, USA

Dulbecco’s Phosphate Buffered Saline
(10 X, 10 X PBS)

Thermo Fisher Scientific, Waltham, MA,
USA

Elution buffer
(for Cu1-affinity matrix, pH 3.0)

0.1 M glycine

HBS buffer (2 X, pH 7.05)

50 mM HEPES, 280 mM NacCl, 1,5 mM
NazHPO4

Laemmli SDS sample buffer, non-
reducing (6 X)

Thermo Fisher Scientific, Waltham, MA,
USA

Laemmli SDS sample buffer, reducing (6
X)

Thermo Fisher Scientific, Waltham, MA,
USA

Monocyte Attachment Medium

PromoCell GmbH, Heidelberg, Germany

Neutralization buffer
(for Cu1-affinity matrix, pH 8.0)

1M Tris

OptiMEM® | (1 X) + L-Glutamine, HEPES

Thermo Fisher Scientific, Waltham, MA,
USA

PBA buffer (flow cytometry)

PBS, 1% (m/v) BSA
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RPMI 1640 (1 X) + GlutaMAX™-| +
25mM HEPES + 3.024 g/L Sodium
bicarbonate

Thermo Fisher Scientific, Waltham, MA,
USA

S.0.C. media

Thermo Fisher Scientific, Waltham, MA,
USA

SDS-PAGE running buffer (10 X)

25 mM Tris, 192 mM glycine, 0.1% (m/v)
SDS

Staining solution
(anti-human Ig-kappa LC blot)

TBS, 1.0% (m/v) BSA, 2% (m/v)
powdered mild

TAE buffer (50X)

Carl Roth GmbH, Karlsruhe, Germany

TBST buffer

10 mM Tris, 150 mM NacCl, 0.05% (v/v)
TWEEN® 20

Tris-buffered saline (TBS, pH 7.6)

10 mM Tris, 150 mM NaCl

Triton-Tween-TBS buffer

10 mM Tris, 150 mM NacCl, 0.05% (v/v)
TWEEN® 20, 0.2% (v/v) Triton-X-100

IMDM (1 X) + GlutaMAX™-| + 25mM
HEPES + 3.024 g/L Sodium bicarbonate

Thermo Fisher Scientific, Waltham, MA,
USA

X-Vivo™ 15

2.1.4 Cell Lines

Table 5: Cell lines.

Lonza, Basel, Switzerland

Cell Line Cell Type Source
Lenti-X™ 293T Subclone of the human Clontech, Saint-Germain-en-
embryonic kidney cell line Laye, France
HEK 293T
CHO-K1 Chinese hamster ovary cells | German Collection of
Microorganisms and Cell
Cultures GmbH (DSM2Z)
Braunschweig, Germany
(ACC 110)
Carnaval DLBCL DSMZ (ACC 724)
DG-75 Burkitt lymphoma DSMZ (ACC 83)
MEC2 CLL DSMZ (ACC 500)
SU-DHL-4 DLBCL DSMZ (ACC 495)
Granta 519 MCL DSMZ (ACC 342)
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2.1.5 Cultivation of Cell Lines

Table 6: Culture media composition for cell lines.

Cell Lines Culture Composition
Medium
Carnaval R10* RPMI 1640 (1 X) + GlutaMAX™-| +
DG-75 25mM HEPES + 3.024 g/L Sodium bicarbonate
SU-DHL-4 10% FCS (v/v)
1% Pen/Strep (v/v)
MEC-2 IMDM20* IMDM (1 X) + GlutaMAX™-] + 25mM HEPES +
3.024 g/L Sodium bicarbonate
20% FCS (v/v)
1% Pen/Strep (v/v)
Granta 519 D10* DMEM (1 X) + 4.5 g/L D-Glucose, L-Glutamine
Lenti-X™ 293T o
CHO-K1 10% FCS (v/v)

2.1.6 Bacteria

Table 7: Bacteria.

Strain

1% Pen/Strep (v/v)

Genotype

Source

Subcloning Efficiency™ | F- ®80/acZAM15 A(lacZY A-
DH5a Competent Cells | argF) U169 recA1 endA1

hsdR17(ri, m¢*) phoA supE44
thi-1 gyrA96 relA1 N

Thermo Fisher Scientific,
Waltham, MA, USA

One Shot™ TOP10 F-mcrA A(mrr-hsdRMS-
Chemically Competent | mcrBC) ®80LacZAM15 A

E. coli

2.1.7 Vectors

Table 8: Vectors.

Vector

LacX74 recA1 araD139
A(araleu) 7697 galU galK rpsL
(StrR) endA1 nupG

Thermo Fisher Scientific,
Waltham, MA, USA

Manufacturer / Reference

pcDNA 3.1

Thermo Fisher Scientific, Waltham, MA, USA

pSecTag2-LC

(Derivative of pSecTag2/Hygro C
from Thermo Fisher Scientific,
Waltham, MA, USA)

Schewe et al., 2017

pSecTag2-HC-IgG1o
(Derivative of pSecTag2/Hygro C)

C Kellner, unpublished
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pSecTag2-GHI/75-LC

(Derivative of pSecTag2/Hygro C)

Zeller et al., 2022

pSecTag2-GHI/75-HC-IgG20
(Derivative of pSecTag2/Hygro C)

Zeller et al., 2022

pSecTag2-hu5F9-LC

(Derivative of pSecTag2/Hygro C)

Zeller et al., 2022

pSecTag2-hu5F9-HC-1gG20
(Derivative of pSecTag2/Hygro C)

2.1.8 Primers

Table 9: Primers.

Zeller et al., 2022

Primer Sequence Manufacturer
pSec-CMV GGTAGGCGTGTACGGTGGGAGG Thermo Fisher Scientific,
(forward) Waltham, MA, USA
pSec-PolyA GGAAAGGACAGTGGGAGTGGCAC | Thermo Fisher Scientific,
(reverse) Waltham, MA, USA
pSec-CH1 AGCTCAAGCCTCGGTACACAGACC | Thermo Fisher Scientific,
(forward) Waltham, MA, USA

2.1.9 Antibodies

Table 10: Conjugated antibodies.

Antibody

Structure

Manufacturer

REA Control Antibody -
APC

Human IgG1
clone REA293
APC-conjugated

Miltenyi Biotec B.V. & Co.
KG, Bergisch Gladbach,
Germany

REA Control Antibody (S)-
PE

Human IgG1
clone REA293
PE-conjugated

Miltenyi Biotec Biotec B.V.
& Co. KG, Bergisch
Gladbach, Germany

CD3-APC Human IgG1 Miltenyi Biotec Biotec B.V.
clone REA613 & Co. KG, Bergisch
APC-conjugated Gladbach, Germany
CD14-PE Human IgG1 Miltenyi Biotec Biotec B.V.
clone REA 599 & Co. KG, Bergisch
PE-conjugated Gladbach, Germany
CD80-PE Human IgG1 Miltenyi Biotec Biotec B.V.
clone REAG61 & Co. KG, Bergisch
PE-conjugated Gladbach, Germany
CD163-PE Human IgG1 Miltenyi Biotec Biotec B.V.

clone REA812
PE-conjugated

& Co. KG, Bergisch
Gladbach, Germany
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CD85j (ILT-2)-PE, anti-
human

Human IgG1
clone REA998
PE-conjugated

Miltenyi Biotec Biotec B.V.
& Co. KG, Bergisch
Gladbach, Germany

CD85d (ILT4)-PE, anti-
human

Human IgG1
clone REA184
PE-conjugated

Miltenyi Biotec Biotec B.V.
& Co. KG, Bergisch
Gladbach, Germany

F(ab‘). Fragment of FITC-
Conjugated Goat Anti-
Mouse Immunoglobulins

Goat F(ab‘), Fragment
anti-mouse IgG
FITC-conjugated

Dako, Glostrup, Denmark

Fluorescein (FITC)-
conjugated AffiniPure
F(ab‘), Fragment Goat
Anti-Mouse 1gG, Fcy
Fragment specific

Goat F(ab‘), Fragment
anti-mouse IgG, Fcy
fragment specific
polyclonal
FITC-conjugated

Jackson ImmunoResearch
Laboratories, Inc., West
Grove, PA, USA

R-Phycoerythrin AffiniPure
F(ab‘), Fragment Goat
Anti-Human IgG, Fcy
Fragment specific

Goat F(ab‘), Fragment
anti-human IgG, Fcy
fragment specific
polyclonal
PE-conjugated

Jackson ImmunoResearch
Laboratories, Inc., West
Grove, PA, USA

Anti-Human-IgG (Fc
specific) — Peroxidase
antibody produced in goat

Goat Ig
anti-human-IgG, Fc
specific

Sigma-Aldrich, St. Louis,
MO, USA

polyclonal
Peroxidase-conjugated
Goat anti-human kappa Goat IgG Bio-Rad Laboratories,
light chain:HRP anti-human kappa LC Inc., Hercules, CA, USA
polyclonal

HRP-conjugated

Table 11: Unconjugated antibodies.

Antibody

Structure

Manufacturer / Reference

Rituximab (MabThera®)

Chimeric, monoclonal
anti-CD20 1gG1

Hoffmann-La Roche AG,
Basel, Switzerland

Trastuzumab (Herceptin®)

Humanized, monoclonal
anti-HER2 1gG1

Hoffmann-La Roche AG,
Basel, Switzerland

IgG1 Isotype Control

Mouse, monoclonal IgG
clone 11711

R&D Systems, Inc.,
Minneapolis, MN, USA

IgG2a Isotype Control Mouse IgG2a BioLegend, San Diego,
clone MOPC-173 CA, USA

CD20 Mouse IgG2a BioLegend, San Diego,
clone S1815E CA, USA

CD47 Mouse 1gG1 Thermo Fisher Scientific,
clone B6H12 Waltham, MA, USA
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Anti-HLA-A,B,C Mouse IgG2a BioLegend, San Diego,
clone W6/32 CA, USA

Anti-HLA-G Mouse IgG2a BioLegend, San Diego,
clone 87G CA, USA

Anti-human CD172a Mouse IgG2a BioLegend, San Diego,

(SIRPa) clone 15-414 CA, USA

Ultra-LEAF™ purified anti- | Mouse IgG2b BioLegend, San Diego,

human CD85j (ILT2) clone GHI/75 CA, USA

Anti-LILRB2/CD85j Mouse, monoclonal IgG2a | R&D Systems, Inc.,
clone 287219 Minneapolis, MN, USA

2.1.10 Soluble HLA Molecules

Table 12: Soluble, PE-conjugated HLA class | molecules used for binding studies.

HLA subtype | Structure Peptide Peptide Manufacturer
origin sequence
A*0201 Dextramer CMV pp65 | NLVPMVATV | Immudex,
PE-conjugated Kopenhagen,
Denmark
B*0801 Dextramer EBV BZLF1 | RAKFKQLL Immudex,
PE-conjugated Kopenhagen,
Denmark
C*0702 Pentamer CMV IE-1 CRVLCCYVL | Proimmune Ltd.,
PE-conjugated Oxford, UK

2.1.11 Restriction Enzymes

The restriction enzymes Nhel, PpuMI, EcoO109I, Hindlll, Alel-v2, Xcml, Pmel and BsrGl,

as well as the corresponding CutSmart® restriction enzyme buffer were obtained from

New England BioLabs (Ipswich, MA, USA).

2.1.12 Consumables

Table 13: Consumables.

Consumable

Manufacturer

Cellstar® 96 Well Cell Culture Plate (F-
bottom)

Greiner Bio-One GmbH, Frickenhausen,
Germany

Cellstar® 6 Well Cell Culture Plate

Greiner Bio-One GmbH, Frickenhausen,
Germany

Combitips advanced® (2,5 mi/5 ml)

Eppendorf SE, Hamburg, Germany

u-Slides 8 Well ibiTreat

Ibidi GmbH, Graefelfing, Germany

ZelluTrans regenerated cellulose dialysis
tube (molecular weight cut-off: 6 — 8000)

Carl Roth GmbH, Karlsruhe, Germany
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AESCULAP® Surgical Disposable
Scalpel #10

B. Braun SE, Melsungen, Germany

Biosphere® Filter Tips 10 colourless (10
ul, 20 pl, 100 pl, 200 I, 1000 i)

Sarstedt, Nuembrecht, Germany

PS-Tube (5ml, for flow cytometry)

Greiner Bio-One GmbH, Frickenhausen,
Germany

Serological pipettes (2 ml, 5 ml, 10 ml)

Sarstedt, Nuembrecht, Germany

Serological pipettes (25 ml, 50 ml)

Greiner Bio-One GmbH, Frickenhausen,
Germany

Omnifix®-F syringes (1 ml)

B. Braun SE, Melsungen, Germany

Microlance™ 3 26G 4“ needles

Becton Dickinson, Franklin Lakes, NJ,
USA

Steritop® 45 mm Neck Size
Millipore Express® PLUS (0,22 um)

Merck Millipore, Burlington, MA, USA

Millex®-LG Filter Unit (0,20 ym, 13 mm)

Merck Millipore, Burlington, MA, USA

SafeSeal reaction tube (0,5 ml, 1,5 ml, 2
ml)

Sarstedt, Nuembrecht, Germany

Cellstar® Screw cap tubes (50 ml)

Greiner Bio-One GmbH, Frickenhausen,
Germany

Screw cap tubes (15 ml)

Sarstedt, Nuembrecht, Germany

Round bottom tubes (14 ml)

Thermo Fisher Scientific, Waltham, MA,
USA

S-Monovette® Citrat 9NC 0.106 mol/l
3.2%

Sarstedt, Nuembrecht, Germany

Poly-Prep® Chromatography Columns

Bio-Rad Laboratories, Inc., Hercules,
CA, USA

Vivaspin® 6 centrifugal concentrators

Sartorius, Goettingen, Germany

Cellstar® Cell culture dishes

Greiner Bio-One GmbH, Frickenhausen,
Germany

Trans-Blot® Turbo™ Transfer Pack

Bio-Rad Laboratories, Inc., Hercules,
CA, USA

Cellstar® Cell culture flasks (25 cm?, 75
cm?, 175 cm?)

Greiner Bio-One GmbH, Frickenhausen,
Germany

Nunc™ EasYFlask™ 75 cm? Nunclon™
Delta Surface

Thermo Fisher Scientific, Waltham, MA,
USA

Cell Scraper (Size M)

Sarstedt, Nuembrecht, Germany

Cryo.s™ vials

Greiner Bio-One GmbH, Frickenhausen,
Germany
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2.1.13 Devices

Table 14: Devices.

Device

Description

Manufacturer

2100 Bioanalyzer

Bioanalyzer

Agilent Technologies, Inc.,
Santa Clara, CA, USA

Accu-jet® pro

Pipette controller

Brand GmbH + Co. KG,
Wertheim, Germany

AEKTA Pure

Protein purification
system

Cytiva, Marlborough, MA,
USA

Avanti J-26 XP

Ultra-centrifuge

Beckman Coulter,
Pasadena, CA, USA

Axio Observer D1 Fluorescence Carl Zeiss AG, Jena,
microscope Germany

Axiocam 208 color Microscope camera Carl Zeiss AG, Jena,
Germany

AxioCam MRm Microscope camera Carl Zeiss AG, Jena,
Germany

BACS Innova 42

Incubator shaker

Eppendorf SE, Hamburg,
Germany

Bio-Rad Power Pac 300

Power supply

Thermo Fisher Scientific,
Waltham, MA, USA

Bizhub C3351

Multifunctional office
printer

Konica Minolta, Inc., Tokyo,
Japan

C1000 Touch

Thermal cycler

Bio-Rad Laboratories, Inc.,
Hercules, CA, USA

Combi-Spin FVL-2400N

Centrifuge and vortex
combination

VWR International, Radnor,
PA, USA

EnviroFalk evoqua

Water purification plant

EnviroFALK GmbH,
Haimhausen, Germany

Eppendorf centrifuge 5424 Centrifuge Eppendorf SE, Hamburg,
Germany

ETG MBT 250 Heat block ETG GmbH, limenau,
Germany

F9-C Fraction collector Cytiva, Marlborough, MA,

USA

FACScalibur™

Flow cytometer

Becton Dickinson, Franklin
Lakes, NJ, USA

Fusion SL Western blot and Vilber Lourmat,
chemiluminescence Eberhardzell, Germany
imaging system

GFL0815 Orbital shaker LAUDA-GFL Gesellschaft

fuer Labortechnik mbH,
Burgwedel, Germany
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HBO 100 Microscope illuminator | Carl Zeiss, Jena, Germany
HERAcell 240i Incubator Thermo Fisher Scientific,
Waltham, MA, USA
Heraeus Fresco 21 Centrifuge Thermo Fisher Scientific,
Waltham, MA, USA
Heraeus Multifuge X3R Centrifuge Thermo Fisher Scientific,

Waltham, MA, USA

HERAsafe 2030i Biological safety Thermo Fisher Scientific,
cabinet Waltham, MA, USA
HERAtherm Oven Thermo Fisher Scientific,
Waltham, MA, USA
IKA RH basic 2 Magnetic stirrer IKA GmbH, Staufen,
Germany
IncuCyte® SX1 Live cell analysis Sartorius, Goettingen,

system Germany
inoLab® pH 7110 pH meter Xylem Analytics GmbH,
Weilheim, Germany
Kendro Megafuge 1.0 R Centrifuge Thermo Fisher Scientific,

Waltham, MA, USA

KF85

Flake ice maker

Ice line Migel, Milan, Italy

LABOPORT® N 816.3.KT.18

Vacuum pump

KNF DAC GmbH,
Hamburg, Germany

LKB GPS 200/400

Electrophoresis power
supply

Cytiva, Marlborough, MA,
USA

Marienfeld Superior™
Neubauer improved

Neubauer-improved
counting chamber

Paul Marienfeld GmbH &
Co. KG, Lauda-
Koenigshofen, Germany

Memmert laboratory water
bath

Water bath

Memmert, Buechenbach,
Germany

Miele G7883

Laboratory dish washer

Miele & Cie. KG,
Guetersloh, Germany

Mini-PROTEAN® Tetra Cell

Vertical gel
electrophoresis cell

Bio-Rad Laboratories, Inc.,
Hercules, CA, USA

Multifuge X Pro Series

Centrifuge

Thermo Fisher Scientific,
Waltham, MA, USA

Multipette® M4 Multi-dispenser pipette | Eppendorf SE, Hamburg,
Germany
Nanodrop 2000c Spectrophotometer Thermo Fisher Scientific,

Waltham, MA, USA

neoMag® D-6011

Magnetic stirrer

neolLab Migge GmbH,
Heidelberg, Germany

neoVortex® D-6012

Vortex mixer

neolLab Migge GmbH,
Heidelberg, Germany
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Pico 21 Centrifuge Thermo Fisher Scientific,
Waltham, MA, USA
Quintix Precision scales Sartorius, Goettingen,

Germany

Research® plus (0,1-2,5 ul /

0,5-10 pl / 2-20 pl / 5-100 pl /

20-200 pl / 100-1000 pl)

Piston-operated pipette

Eppendorf SE, Hamburg,
Germany

Safe Imager™ 2.0 blue light
transilluminator

Blue light
transilluminator

Thermo Fisher Scientific,
Waltham, MA, USA

Sharp R-5975

Microwave

Sharp, Sakai, Japan

Superdex™ 200 Increase

Size exclusion

Cytiva, Marlborough, MA,

10/300 GL column chromatography USA
column
Systec VX-150 Autoclave Systec GmbH, Linden,

Germany

Thermo HERAfreeze Basic

Freezer (-80°)

Thermo Fisher Scientific,
Waltham, MA, USA

ThermoMixer C

Cooling and heating
thermoshaker

Eppendorf SE, Hamburg,
Germany

Trans-Blot® Turbo™

Protein transfer system

Bio-Rad Laboratories, Inc.,
Hercules, CA, USA

Wide Mini-Sub™ Cell

Horizontal
electrophoresis
chamber

Bio-Rad Laboratories, Inc.,
Hercules, CA, USA

Zeiss Primovert

2.1.14 Software

Table 15: Software.

Inverted microscope

Carl Zeiss, Jena, Germany

Software Manufacturer

Microsoft Office Professional Plus Microsoft Corporation, Redmond, WA, USA
2016

IncuCyte 2020B Sartorius, Goettingen, Germany

SerialCloner 2.6.1

Serial Basics, freeware
(http://serialbasics.free.fr/Serial_Cloner.html)

Discovery Studio Visualizer 2017 R2

Biovia, San Diego, CA, USA

GeneStudio Pro 2.2.0.0

GeneStudio, Inc., Suwanee, GA, USA

Nanodrop 2000c v.1.6.198

Thermo Fisher Scientific, Waltham, MA,
USA

CellQuest Pro v6.0

Becton Dickinson, Franklin Lakes, NJ, USA

FlowdJo v10.6.2

Becton Dickinson, Franklin Lakes, NJ, USA

AxioVs 40 v4.8.20

Carl Zeiss, Jena, Germany
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FusionCapt Advance 16.01 Vilber Lourmat, Eberhardzell, Germany
ZEN core v3.1.88.0000 Carl Zeiss, Jena, Germany
GraphPad Prism v8.0.2 and v10.1.1 GraphPad Software, La Jolla, CA, USA
Unicorn™ 7.5 Cytiva, Marlborough, MA, USA
2100 Expert vB.02.10.S1764 Agilent Technologies, Inc., Santa Clara, CA,
USA
2.2 Methods

2.2.1 Molecular Biology Techniques
2.2.1.1 Enzymatic Restriction Digestion

Enzymatic restriction digestion was performed in CutSmart® buffer using 1 ul of the
indicated restriction enzymes according to the manufacturer's instructions. In a volume
of 30 pl, 1 — 2 pg of plasmid DNA were digested for at least 2 h at 37° C in a heat block

or a thermal cycler.

2.2.1.2 Agarose Gel Electrophoresis

Agarose gel electrophoresis was performed to separate DNA fragments by size. In
addition, DNA fragments of specific size were purified from the gel. Agarose gels were
prepared by polymerizing 1% or 2% (m/v) Agarose Standard in TAE-buffer. DNA
samples were stained with Gel Loading Dye Purple and loaded into the gel pockets.
Electrophoresis was conducted in TAE buffer at 90 V for approximately 60 min. Quick-
Load® 1 kb Plus DNA Ladder served as molecular weight reference. After completion,
agarose gels were stained with SYBR™ Safe DNA Gel Stain (1:10* dilution in TAE-
buffer). DNA bands were visualized using the Fusion SL imaging system or a blue light
transilluminator for documentation or gel extraction of individual DNA fragments,

respectively.

2.2.1.3 Purification of DNA from Agarose Gels
To purify DNA from the extracted gel fragments, NucleoSpin® Gel and PCR Clean-up kit

was employed following the manufacturer's protocol. Elution of DNA from the column
provided with the kit was carried out with 50 ul of dH2O. The purified DNA was stored at
-20° C until further use.

2.2.1.4 Ligation of DNA Fragments

To ligate cohesive DNA ends, Quick Ligation™ Kit was applied according to the

manufacturer's instructions. In two separate preparations with a total volume of 20 pl
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each, enzyme-digested insert DNA and recipient vector DNA were mixed for ligation in
a molar ratio of 3:1 and 5:1 at room temperature for 15 min in the buffer system provided
with the kit.

2.2.1.5 DNA Sequencing

To verify correctness of the base sequence of plasmid DNA, Sanger sequencing was
performed. For this purpose, 400 — 500 ng of the plasmid DNA were reacted with 5 pl of
a 5 pmol/ul solution of the appropriate sequencing primer (table 9) in a total volume of
15 — 20 pl of dH20. For plasmids encoding antibody HCs, the sequencing primers pSEC-
CMV, pSEC-PolyA and pSEC-CH1 were used. For plasmids encoding antibody LCs,
primers pSEC-CMV and pSEC-PolyA were employed. Sequencing of the samples was
carried out by Eurofins Genomics Germany GmbH (Ebersberg, Germany). Results were

analyzed using GeneStudio software.

2.2.1.6 Transformation of Bacteria

For the transformation of Subcloning Efficiency™ DH5a Competent Cells bacteria were
reacted with 1 — 2 ug of plasmid DNA and set to rest on ice for 15 min. Subsequently,
the bacteria were spread on an agar plate containing 50 pg/ml ampicillin using 100 pl of
S.0.C. media. For the transformation of One Shot™ TOP10 Chemically Competent E.
coli, 1.5 pl of plasmid DNA were added to the bacteria. The suspension was placed on
ice for 30 min, followed by a heat shock at 42° C for 30 sec with subsequent transfer into
250 pl of S.0.C. media. After incubation in a shaking incubator at 37° C at 225 rpm for 1
h, the transformation mixtures were spread on agar plates supplemented with 50 pug/ml
of ampicillin. Agar plates were incubated at 37° C until the next day and subsequently
stored at 4°C.

2.2.1.7 Amplification of Plasmid DNA in Bacteria

For the amplification of plasmids in E. coli, single colonies of plasmid-transformed
bacteria were transferred into round-bottom tubes containing 3 ml of LB media supple-
mented with 50 pg/ml of ampicillin (referred to as mini-culture). The cultures were then
incubated at 225 rpm in a shaking incubator at 37° C overnight. For larger scale
preparations, mini-cultures were transferred to Erlenmeyer flasks with baffle containing
300 ml of LB media supplemented with 50 ug/ml of ampicillin after 6 — 8 h of incubation
at 37° C (referred to as maxi-culture). Incubation was subsequently carried out at 225

rpm in a shaking incubator at 37° C overnight.
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2.2.1.8 lIsolation of Plasmid DNA from Bacteria

For the isolation of plasmid DNA from E. coli expanded in mini-cultures, NucleoSpin®
Plasmid EasyPure kit was employed following the manufacturer's protocol. Isolation of
plasmid DNA from E. coli expanded in maxi-cultures was performed using NucleoBond®
Xtra Maxi kit according to the manufacturer's instructions. In deviation from the
manufacturer’s protocol, plasmid DNA was eluted in 500 — 600 ul of dH20. Purified
plasmid DNA was stored at -20° C.

2.2.1.9 Spectrophotometric Analysis

The concentration and the purity of plasmids, as well as the concentration of purified
antibodies was analyzed with the spectrophotometer Nanodrop 2000c. In case of
plasmid DNA, 1 ul of the probes was loaded and the concentration was determined by
measuring the absorbance (A) at 260 nm and 280 nm. The ratios of A2so nm/A2s0 nm and
A260 nm/A230 nm Were used to determine the purity of the plasmid DNA and were expected
to show readings of 1.8 — 2.0 and > 2, respectively. To estimate the concentration of
fractions of eluted antibodies, 2 ul of the samples were loaded and measured at Azso nm.

For all measurements the respective solvent was used as reference.

2.2.1.10 Purification of Antibodies

Recombinant antibodies were purified from the cell culture supernatant by affinity
chromatography. For this purpose, CaptureSelect™ IgG-Cy1 affinity matrix was stirred
into the collected cell culture supernatant at 4° C overnight in a ratio of 1:1000 according
to the manufacturer's instructions. The following day, the antibody-bound matrix particles
were concentrated by centrifugation to a volume of 5 — 10 ml and loaded on a Poly-Prep®
Chromatography Column. The matrix was rinsed twice with 10 ml of PBS. Antibodies
were then eluted by adding elution buffer (0.1 M glycine, pH 3) to the column, using 1 ml
each to collect 10 fractions. To restore the pH of 7.4, the elution buffer was immediately
neutralized with 250 pl of neutralization buffer (1 M Tris, pH 8). The concentration of
protein in each individual elution fraction was then estimated spectrophotometrically.
Depending on the concentration of the protein, fractions were transferred either
individually or combined into ZelluTrans regenerated cellulose dialysis tubes and
dialyzed against at least 10° times the volume of PBS at 4° C. After 48 — 72 h, the purified
antibodies were removed from the dialysis tubes, sterile filtered with syringe driven 0.2

pm filter units and stored at 4°C until further use.
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2.2.1.11 Concentration and Purity of Antibody Preparations

The concentration of recombinant antibodies was determined by capillary electro-
phoresis. To this, the 2100 Bioanalyzer and the corresponding Agilent Protein 230 Kit
were used following the manufacturer's recommendations. Samples were applied to the
protein chip in a reduced and a non-reduced formulation. Reduction of the antibodies
was achieved with the buffers provided with the kit and using DTT as reduction agent.
Concentrations of antibody preparations were then determined from the capillary
electrophoresis of the reduced sample and purity was defined as the proportion of the

antibody HCs and LCs to the total amount of protein.

2.2.1.12 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis

Sodium dodecyl sulfate (SDS) gels were prepared according to published methods (table
16) (Sambrook and Russell, 2000). Reducing or non-reducing Laemmli SDS sample
buffer was added to each of the proteins to be analyzed. Probes were denatured (5 min,
95° C) and, after brief centrifugation, loaded into the gel pockets. The discontinuous gel
used for reduced proteins consisted of a stacking gel for concentration of the applied
samples and a resolving gel with a polyacrylamide (PAA) content of 10% or 12% for
separation of the proteins. For electrophoresis of non-reduced proteins, 4 — 15% Mini-
PROTEAN® TGX™ PAA gels were used. Precision Plus Protein™ WesternC™ Blotting
Standards or PageRuler™ Plus Prestained Protein Ladder functioned as molecular
weight reference. Electrophoresis was conducted in Mini-PROTEAN® Tetra Cells at
initially 80 V until the dye front reached the resolving gel, then at 140 V for 60 — 90 min.
Gels were subsequently used for western transfer experiments or Coomassie Blue
staining was performed. Therefore, gels were soaked in Coomassie Blue staining
solution (table 4) overnight on an orbital shaker at room temperature. On the next day,
gels were decolorized with dH20 and the visualized protein bands were documented

using a bizhub C3351 scanner.
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Table 16: Composition of 10% and 12% SDS gels.’

Solution Stacking gel Resolving gel 10% | Resolving gel 12%
dH20 2.7 ml 4.0 ml 3.3 ml

Acrylamide / 670 pl 3.3 ml 4.0 ml
bisacrylamide 30%

1.5 M Tris (pH 8.8) | - 2.5 ml 2.5 ml

1.0 M Tris (pH 6.8) | 500 pl - -

SDS 10% 40 pl 100 pl 100 pl

APS 10% 40 pl 100 pl 100 pl

TEMED 4 ul 4 ul 4 ul

1 Quantities for two gels, modified from Sambrook and Russell, 2000.

2.2.1.13 Western Transfer Experiments

Western transfer experiments were performed to detect specific proteins separated by
SDS-PAGE. After completion of the gel run, protein bands were transferred from SDS
gels to 0.2 ym nitrocellulose membranes at 1.0 A and 25 V for 30 min using the Trans-
Blot® Turbo™ Transfer Pack and the corresponding Trans-Blot® Turbo™ transfer system
according to the manufacturer's instructions. Free binding sites were saturated by
incubating the membrane in blocking solution (anti-human IgG-Fc blot; table 4) overnight
on an orbital shaker. Horseradish peroxidase (HRP)-conjugated antibodies were then
applied to specifically detect antibody HCs or LCs. To detect the antibody HCs, goat-
anti-human IgG-HRP antibodies (Fc specific) were added at a dilution of 1:5000. Mem-
branes were then incubated on an orbital shaker for 1 h at room temperature, washed
three times for 10 min with TBST buffer (table 4) and were subsequently available for
visualization. To detect the antibody LCs, membranes were washed tree times with
TBST buffer for 10 min each and subsequently set to rest in staining solution (anti-human
Ig-kappa LC blot; table 4) supplement with 1:2500 of goat anti-human kappa light
chain:HRP for 1 h at room temperature on an orbital shaker. The membrane was then
washed three times for 10 min each with TBST, then once for 10 min with TBS and was
subsequently available for visualization.

To visualize the stained proteins by chemiluminescence, Immobilon™ Western
Chemiluminescent HRP Substrate was applied and a digital image was generated

immediately with the Fusion SL imaging system.
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2.2.1.14 Size Exclusion Chromatography

To verify the absence of multimers and aggregates of the generated recombinant
antibodies, 100 — 400 ug of the antibody preparations were loaded on a Superdex™ 200
Increase 10/300 GL column in an AEKTApure protein purification system. Analysis was
performed at a flow speed of 75 ml/min and PBS was used as running buffer. Due to the
differences in the proteins’ retention time depending on their molecular weight, their
elution from the column occurs in ascending order of size. For analysis of the molecular
weight of proteins, UV2s0 nm absorption was subsequently plotted against the elution
volume using the Unicorn™ 7.5 software. Following the same procedure, thyroglobulin
(669 kDa), ferritin (440 kDa), conalbumin (75 kDa), ovalbumin (43 kDa) and trastuzumab

(145 kDa) were analyzed as molecular weight controls.

2.2.2 Cell Biology Techniques
2.2.2.1 Cell Culture

Cell lines were cultivated in 25 cm? — 175 cm? sterile cell culture flasks in a humidified
atmosphere at 37 ° C and 6% CO: (standard conditions) in the corresponding cell culture
media (table 6). Depending on their confluence, cells were passaged two to three times
per week. Suspension cells were passaged in a ratio of 1:1 — 1:5, adherent cells were
treated with Accutase and subsequently passaged in a ratio of 1:5 — 1:20. After staining
dead cells with Trypan blue solution, the concentration of cells was determined using a

Neubauer-improved counting chamber and calculated according to the following formula:

cells> Y cells counted

x dilution factor x 10*
ml

Concentration of cells ( =
/ Y. quadrants counted

2.2.2.2 Transfection of Mammalian Cells
2.2.2.2.1 Calcium Phosphate Transfection

For the generation of recombinant antibodies, Lenti-X™ 293T cells (referred to as Lenti-
X cells) were transfected by calcium phosphate transfection with chloroquine as
published (Sambrook and Russell, 2000). In brief, 3 x 10° Lenti-X cells were seeded in
10 cm cell culture plates and allowed to settle at standard conditions overnight. On the
following day, cells were co-transfected with 10 yg each of the expression vectors
encoding the antibody HC and LC in 1 ml of HBS buffer (table 4) containing 100 pl of
CaClz and 5 pl of chloroquine. After 9 — 10 h of incubation at standard conditions, the
cell culture medium was changed to fresh D10* medium and cells were incubated for

further 48 h at standard conditions. Subsequently, the cell culture supernatant containing
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the antibodies expressed by transfected Lenti-X cells was collected every 24 h for six

days, stored at 4° C and sterile filtered until purification of the antibodies was performed.

2.2.2.2.2 Lipofectamine Transfection

To achieve transient expression of cell surface antigens, transfection of CHO-K1 cells
was performed with Lipofectamine® & PLUS™ Reagent. Five hundred thousand CHO-
K1 cells were plated out on 6 well cell culture plates in 3 ml of D10" medium and
incubated at standard conditions for 24 h. On the following day, the cell culture medium
was changed to 2 ml of fresh D10" medium. Per well, 500 pl of OPTI-MEM® | medium
were mixed with 2.5 pg of plasmid DNA and 2.5 pl PLUS reagent and incubated for 5
min at room temperature. Then, 6.25 ul of Lipofectamine were added and the solution
was incubated at room temperature for further 30 min. The transfection mix was then
applied to the CHO-K1 cells and the plates were set to rest for 48 — 72 h at standard

conditions before cells were harvested for subsequent experiments.

2.2.2.3 Flow Cytometry

Flow cytometry experiments were performed on a FACScalibur™ device. CellQuest Pro
and FlowJo were used to analyze the results. Dead cells, debris or cell conjugates were

excluded by applying appropriate scatter gates and 1 x 10° events were counted.

2.2.2.3.1 Cell Surface Antigen Expression

To analyze the display of cell surface antigens, cells were treated with antibodies coupled
to a fluorescent dye. The antibodies were diluted as recommended in 50 pl of PBA buffer,
cells were stained for 1 h at 4° C in the dark. Subsequently, cells were washed, resus-
pended in PBA buffer and analyzed in the flow cytometer. To quantify the amount of cell
surface antigens, Qifikit was used following the manufacturer's guidelines. For this
purpose, cells were incubated with 20 pg/ml of non-conjugated murine antibodies
specific for the antigen of interest in 50 yl of PBA buffer containing 1 mg/ml of pooled
human Ig (Gamunex 10%, 100 mg/ml) for 1 h at 4° C. Subsequently, samples were
washed with PBA buffer and the cells, as well as the calibration beads provided with the
kit, were incubated in 50 pl of a 1:50 dilution of fluorescein isothiocyanate (FITC)-coupled
secondary antibodies in PBA buffer containing 1 mg/ml of pooled human Ig (Gamunex
10%, 100 mg/ml) for 30 min at 4° C in the dark. The samples were then washed with
PBA buffer, resuspended in PBA buffer and analyzed for binding by flow cytometry.
Specific antibody binding capacities (SABC) were calculated following the manu-

facturer's instructions using Microsoft Excel 2016.
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2.2.2.3.2 Binding of Recombinant Antibodies

Binding of antibodies was evaluated in indirect immunofluorescence assays. To this,
cells were reacted with 50 pg/ml of antibodies in 50 ul of PBA buffer for 60 min at 4° C.
Cells were washed with PBA buffer and incubated in 30 pl of a 1:20 dilution of F(ab‘).
fragments of goat anti-human IgG, Fcy fragment specific antibodies in PBA buffer for 30
min at 4° C in the dark. Cells were then washed, resuspended in PBA buffer and flow

cytometry analysis was performed.

2.2.2.3.3 Binding of Soluble HLA Molecules

To analyze the binding of HLA molecules, cells were stained with fluorescence-
conjugated, soluble HLA class | molecules (table 12) following the recommendations by
the manufacturers, washed with PBA and analyzed for binding using flow cytometry. To
analyze the ability of antibodies produced in house to impede receptor ligation by HLA
class | molecules, cells were pre-treated with 50 ug/ml of the respective antibodies in 20
ul of PBA buffer for 1 h at 4° C, before 3 pl of phycoerythrin (PE)-conjugated MHC |
Dextramer® of CMV pp65 peptide (NLVPMVATV)-loaded HLA-A*0201 (table 12) were
added. Cells were incubated in the dark at 4° C for 30 min, washed with PBA and
analyzed for binding by flow cytometry. Mean fluorescence intensity (MFI) values
obtained with a control antibody were set to 100% and relative binding of the HLA

dextramer was determined.

2.2.2.4 lIsolation of Mononuclear Cells from Peripheral Blood

Experiments were performed with permission of the Ethics Committee of the faculty of
medicine, LMU Munich (18-821, 21-0816) after receiving written informed consent of
study participants. Leukoreduction system chambers or citrate-buffered peripheral blood
samples were used as a source of mononuclear cells (MNC) from healthy individuals or
lymphoma patients, respectively. Samples were either diluted with PBS or used undiluted
and 9 — 10 ml were slowly stacked on 6 — 20 ml of Ficoll® Paque Plus. MNCs were
subsequently separated by density gradient centrifugation from erythrocytes and
granulocytes (20 min, 20 °C, 1460 g). MNCs were collected and washed with PBS for
three times. Hypotonic lysis of remaining erythrocytes was carried out, if necessary, by
resuspending cells in 45 ml of ice cold dH.>O for 30 sec. The lysis was terminated by
adding 5 ml of 10 X PBS. Cells were then washed with PBS for one more time and the

cell count per ml was determined.
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2.2.2.5 Generation of Macrophages

To generate human macrophages, 60 x 10° MNCs isolated from leukocyte reduction
systems were seeded in 75 cm? Nunc EasYFlask cell culture flasks in 5 ml of monocyte
attachment medium and incubated at standard conditions for 10 min to isolate
monocytes by plastic adherence. Attached cells were then washed intensively with PBS
for three times to remove non-adherent cells and cultured in X-Vivo™ 15 medium
supplemented with 0.5% Pen/Strep (v/v) at standard conditions. The next day, cells were
washed again with PBS for three times and cultured in X-Vivo™ 15 medium containing
0.5% Pen/Strep (v/v) and cytokines. For the generation of non-polarized MO
macrophages, monocytes were kept in X-Vivo™ 15 medium containing 0.5% Pen/Strep
and, unless stated otherwise, 50 ng/ml of macrophage colony-stimulating factor (M-CSF)
for seven days. In individual assays, 10 ng/ml of granulocyte-macrophage colony-
stimulating factor (GM-CSF) were applied instead of M-CSF. Unless otherwise indicated,
polarization towards an M1 phenotype was achieved by exposing monocytes to GM-CSF
(10 ng/ml) for six days, followed by activation with IFN-y (10 ng/ml) and LPS (100 ng/ml)
for additional 48 h. To obtain M2 macrophages (M2c subtype), monocytes were cultured
in X-Vivo™ 15 medium containing 0.5% Pen/Strep and 50 ng/ml of M-CSF. After six
days, 10 ng/ml of IL-10 were added for further 48 h.

Macrophages were detached by treatment with Accutase as recommended by the

manufacturer.

2.2.2.6 Analysis of Antibody-Dependent Cellular Phagocytosis
2.2.2.6.1 Fluorescence Microscopy

Twenty thousand macrophages were seeded on p-Slides in 300 pl of X-Vivo 15™
medium containing 0.5% Pen/Strep (v/v) and the respective cytokines used for the
polarization of the individual macrophage phenotype. Cells were allowed to settle for at
least 1 h at standard conditions. One hundred microliters of the medium were removed
and 10 yg/ml of each of the indicated antibodies were applied. Forty thousand lymphoma
cells, labeled with carboxyfluorescein succinimidyl ester (CFSE) as per the
manufacturer's instructions, were added to the macrophages in 100 pl of X-Vivo 15™
medium supplemented with 0.5% Pen/Strep (v/v). Cells were co-incubated for 2 h at
standard conditions. Subsequently, non-phagocytozed lymphoma cells were cleared
away by changing the supernatant to 300 ul of fresh X-Vivo 15™ medium supplemented
with 0.5% Pen/Strep (v/v). Phagocytosis was then quantified by inspecting 50 — 100

randomly selected macrophages for engulfed green fluorescenting lymphoma cells by
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fluorescence microscopy (1000x magnification, immersion oil). Phagocytic index values

were determined according to the following formula:

o Y. engulfed lymphoma cells
Phagocytic index = - x 100
Y. inspected macrophages

In some experiments, macrophages were labeled with CellBrite Orange Cytoplasmic
Membrane Labeling Dye and nuclei were stained with Hoechst 33342 NucBlue Live
ReadyProbes. Cells were either stained in a two-step approach starting with staining in
100 pl of X-Vivo 15™ medium containing 0.5% Pen/Strep (v/v) and 0.5% CellBrite
Orange Cytoplasmic Membrane Labeling Dye for 10 min at standard conditions, before
washing the cells twice with X-Vivo 15™ medium containing 0.5% Pen/Strep (v/v) and
staining in 100 pl of X-Vivo 15™ medium containing 0.5% Pen/Strep (v/v) and two drops
per ml of Hoechst 33342 NucBlue Live ReadyProbes for 20 min at room temperature.
Alternatively, cells were stained in a one-step approach in 150 pl of X-Vivo 15™ medium
containing 0.5% Pen/Strep (v/v), 0.5% CellBrite Orange Cytoplasmic Membrane
Labeling Dye and two drops per ml of Hoechst 33342 NucBlue Live ReadyProbes for 15
min at standard conditions. Subsequently, the medium was changed to X-Vivo 15™
medium supplemented with 0.5% Pen/Strep (v/v).

Analysis for target cell engulfment and photography of the cells were performed on an
Axio Observer D1 fluorescence microscope. Photography was performed using the

AxioCam MRm camera and AxioVs 40 software.

2.2.2.6.2 Live Cell Imaging

Forty thousand human macrophages were plated on 96 well cell culture plates in 50 pl
of X-Vivo 15™ medium containing 0.5% Pen/Strep (v/v) and the respective cytokines
used for the polarization of the individual macrophage phenotype. Cells were set to rest
at room temperature for 30 min to ensure equal distribution and subsequently incubated
for at least 1 h at standard conditions to achieve attachment of macrophages. Antibodies
were then applied as indicated. The pH-sensitive cell labeling dye pHrodo® Red provided
with the pHrodo® Red Cell Labeling Kit for Incucyte® Phagocytosis Assays was applied
to lymphoma cells at a concentration of 500 ng/ml before target cells were incubated at
standard conditions for 1 h as recommended by the manufacturer. Lymphoma cells were
then washed once with the respective cell culture medium before 8 x 10* lymphoma cells
were seeded per well in 50 pl of X-Vivo 15™ medium containing 0.5% Pen/Strep (v/v) to
the macrophages. After removal of all air bubbles, four images were generated per well
every 30 min over a period of four to eight hours with the IncuCyte® live cell imaging

system. The red fluorescence intensity of the PHrodo® Red cell labeling dye increases
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upon phagocytosis, which allows discrimination of phagocytozed cells from cells in the
supernatant. The Incucyte 2020B software was used to determine the red object count
per image and the settings were adjusted to exclude non-phagocytozed lymphoma cells
in the supernatant.

To determine macrophage-mediated cancer cell depletion from the supernatant,
lymphoma cells labeled with CFSE were co-incubated with macrophages and the
indicated antibodies in 8 well y-slides for 2 h as explained earlier. The supernatant was
then removed carefully avoiding disturbance of the adherent macrophages and 100 pl of
the supernatant were transferred to each of two wells of a 96-well plate. Cells were
pelleted by centrifugation and quantified by analysis of nine images per well with the
IncuCyte® system. Mean values were calculated, relative residual numbers of lymphoma
cells were calculated by normalizing data to the control assay without antibody treatment

and the extent of target cell depletion was determined.

2.2.2.7 Statistical and Graphical Analysis

GraphPad Prism 8.0.2 and 10.1.1 software were used for graphical and statistical
analysis. To detect statistically significant differences, two-sided Student’s t-test, one-
way or two-way ANOVA with Sidak’s, Tukey’s or Fisher's post-test were used as
indicated. The Pearsons correlation test was employed to assess the correlation
between the ratio of cell surface antigen expression and sensitivity to ADCP of lymphoma
cells. P-values < 0.05 were regarded statistically significant and standard deviation (SD)

or standard error of the mean (SEM) are indicated.
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3. Results

The receptors for HLA class | LILRB1 and LILRB2 are promising emerging targets for
immune checkpoint therapy of cancer. However, whether LILRB1 and LILRB2 contribute
to the regulation of CD20 antibody-mediated ADCP of lymphoma cells by macrophages
is currently not known and was thus investigated in this thesis. To this, expression vec-
tors for light and heavy chains of an Fc-silent anti-LILRB2 antibody with abrogated FcyR
binding were cloned. This antibody and an IgGo antibody against LILRB1, for which
expression vectors were already available in the working group, were expressed, purified
and analyzed for their binding specificity and ability to block receptor ligation. The gene-
rated anti-LILRB1 and anti-LILRB2 antibodies were then analyzed alone or in combi-
nation with an Fc-silent CD47 antibody derived from magrolimab for their potential to
enhance the CD20 antibody-mediated macrophage phagocytosis of lymphoma cell lines

and of freshly isolated CLL or MCL cells from patients.

3.1 Influence of HLA Class | Expression on ADCP of

Lymphoma Cells
3.1.1 Sensitivity of Different Lymphoma Cell Lines to ADCP

Intending to identify key determinants of the phagocytosis of lymphoma cells, the sensi-
tivity of different B-NHL cell lines to ADCP by macrophages was analyzed. Monocytes
were isolated from the peripheral blood of healthy donors, differentiated to non-polarized
MO macrophages and co-incubated with the lymphoma cell lines Carnaval (DLBCL), SU-
DHL-4 (DLBCL), DG-75 (Burkitt ymphoma) or MEC2 (CLL). To trigger phagocytosis, the
CD20 antibody rituximab was applied to the cells at the saturating concentration of 10
pg/ml and the phagocytosis was determined by fluorescence microscopy (figure 10). The
cell line Granta 519 (MCL) had been analyzed previously and data were kindly provided
for the analysis. With the exception of DG-75 cells, rituximab triggered ADCP of all
lymphoma cell lines. However, a substantial discrepancy in efficacy was observed.
Whereas SU-DHL-4 was the most susceptible cell line to ADCP by rituximab, Granta
519, MEC2 and Carnaval cells were notably less sensitive. Engagement of the myeloid
inhibitory receptor SIRPa by the ‘Don’t Eat Me!’ signal CD47 mediates an inhibitory signal
in macrophages. To abrogate inhibitory signaling and thus to enhance phagocytosis, an
Fc-silent version of the CD47-directed antibody magrolimab (referred to as CD47-1gGo)
with abrogated FcyR binding was generated. To this, the expression vectors pSecTag2-
hu5F9-HC-IgG20 and pSecTag2-hu5F9-LC (Zeller et al., 2022) were co-transfected into

Lenti-X cells and the antibody was purified from the supernatant by affinity
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chromatography. Subsequently, purity, integrity and binding selectivity were verified
(data not shown). CD47-IgGo, which was unable to induce phagocytosis as a single
agent, significantly enhanced ADCP of Granta 519, MEC2 and Carnaval cells by
macrophages at its saturating concentration of 10 ug/ml when combined with rituximab
(figure 10). No significant enhancement of ADCP was found in experiments with DG-75
or SU-DHL-4 cells. The anti-HER2 antibody trastuzumab used as IgG1 isotype control
antibody was unable to trigger ADCP in all analyzed cell lines, which did not express
HER?2 (figure 10).
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Figure 10: Sensitivity of B-NHL cell lines to ADCP. Monocytes were enriched from peripheral blood and
differentiated to MO macrophages with M-CSF. Macrophages were co-cultured with CFSE-labeled Granta
519, DG-75, MEC2, Carnaval or SU-DHL-4 cells (E:T cell ratio: 1:2) under treatment with rituximab (RTX)
or co-treatment with RTX and CD47-IgGo (CD47). Trastuzumab (IgG1) served as control. All antibodies
were tested at the saturating concentration of 10 pg/ml. ADCP was determined by fluorescence microscopy
after 2 h and phagocytic index values were calculated. Bars indicate mean values + SD of 8 (Granta 519), 6
(DG-75), 10 (MEC2), 11 (Carnaval) or 4 (SU-DHL-4) individual experiments. Statistically significant
differences (P < 0.05) in ADCP compared to treatment with IgG1 (*) or RTX (#) are indicated (Two-way
ANOVA with Tukey's multiple comparisons test). Results were published (Zeller et al., 2022).

3.1.2 Expression of CD20, CD47 and HLA Class | by Lymphoma Cells

Besides the expression level of the target antigen recognized by the FcyR-activating
antibody also the expression of ‘Don’t Eat Me!’ signals may play a role in determining
the susceptibility of target cells to ADCP. Similar to CD47, a function as a ‘Don’t Eat Me!’
signal has been reported for HLA class | molecules expressed on solid cancer cells. It
was thus hypothesized that the display of HLA molecules may also hamper the
phagocytosis of lymphoma cells, in particular under CD47 blockade, and may contribute
to the observed differences in the sensitivity of the panel of the B-NHL cell lines to ADCP
in this study. Therefore, the expression levels of the rituximab antigen CD20, the ‘Don’t
Eat Me!” molecule CD47, classical HLA class | molecules, as well as of the non-classical
HLA-G were determined for the cell lines Carnaval, DG-75, MEC2 and SU-DHL-4 by
calibrated flow cytometry (figure 11). Data for Granta 519 cells were already available
and included in the analysis. Expression levels of these antigens differed notably

between the analyzed cell lines. Particularly high variability was observed in the

55



3 Results

expression of CD20, which was significantly lower expressed by DG-75 cells, and the
classical HLA class | molecules HLA-A, HLA-B and HLA-C, for which significantly lower
expression levels were found in Carnaval and SU-DHL-4 cells relative to the other cell
lines. Only minor differences were detected in the expression of CD47. Expression of
HLA-G was, except for Granta 519 cells (mean value of SABC: 18292.1), barely found
in DG-75 (1036.11), MEC2 (1941.28), Carnaval (625.292) and SU-DHL-4 (759.001)

cells.

6x10°  x % ——= - —
5 ek %
5%10 I - . +
4x10° = * =% ==
(&) - — —
0 3x10° — *
P * =
2x105 - —
1%105 — -
0 A e = =
cD47 HLA-A,-B,-C HLA-G CcD20
[ Granta 519 £ DG-75 MEC2 [ Carnaval O SU-DHL-4

Figure 11: Surface antigen expression on B-NHL cell lines. Expression of the cell surface antigens
CDA47, HLA-A,-B,-C, HLA-G and CD20 on B-NHL cell lines was analyzed. B-NHL cells were immunolabeled
with antibodies against the indicated antigens and specific antibody binding capacities (SABC) were
quantified via flow cytometry. Bars show mean values + SEM of three independent experiments. Statistically
significant differences are indicated (*, P < 0.05; one-way ANOVA with Tukey’s post hoc test). Results were
published (Zeller et al., 2022).

3.1.3 Correlation Between Antigen Expression and ADCP

To analyze the influence of surface antigen expression on the sensitivity of lymphoma
cells to ADCP by rituximab with concomitant CD47 blockade, correlation analysis was
performed. Although no correlation was found between the sensitivity of lymphoma cells
to phagocytosis mediated by the co-treatment with rituximab and CD47-IgGo and either
the amount of displayed classical HLA class | (p = 0.087, R? = 0.6772; data not shown)
or CD20 (p = 0.292, R? = 0.350; data not shown), a positive correlation was found for the
ratio of CD20 to classical HLA class | expression levels (figure 12). It was thus concluded
that both the quantity of CD20 molecules per cell as targets for rituximab, as well as the
amount of displayed classical HLA molecules contribute to defining the sensitivity of
lymphoma cells to macrophage ADCP. Thus, in this lymphoma cell line model higher
amounts of CD20 in relation to lower amounts of HLA class | on lymphoma cells were

associated with higher susceptibility to phagocytosis by macrophages.
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Figure 12: The expression ratio of CD20 to HLA-A,-B,-C molecules determines the sensitivity of B-
NHL cell lines to ADCP mediated by rituximab plus CD47-lgGo. For each lymphoma cell line, the mean
phagocytic index value (determined from the data in figure 10) upon co-treatment with rituximab and CD47-
IgGo (vertical axis) was plotted against the expression ratio of CD20 to HLA-A,-B,-C on the cells (horizontal
axis; values from figure 11). Indicated is the best-fit curve (solid line) with the 95% confidence interval
(dashed lines), error bars indicate SD. Results were published (Zeller et al., 2022).

3.1.4 LILRB1 and LILRB2 Expression on M0 Macrophages

Besides the CD47 receptor SIRPa, macrophages carry the inhibitory receptors for HLA
class | LILRB1 and LILRB2 (figure 13). Non-polarized MO macrophages were differ-
entiated from monocytes and the expression of antigens was determined by flow cyto-
metry. Given the influence of HLA class | expression levels on the sensitivity of B-NHL
cells to ADCP that was found, the interaction of HLA class | molecules with the inhibitory
receptors LILRB1 and LILRB2 on macrophages may limit the efficacy of therapeutic
antibodies to induce ADCP of lymphoma cells. It was thus hypothesized that blocking
antibodies specific for LILRB1 or LILRB2 may hold the potential to further improve the
phagocytosis of lymphoma cells mediated by CD20 antibodies.
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Figure 13: Expression of LILRB1 and LILRB2 on M0 macrophages. Monocytes were differentiated to
MO macrophages with M-CSF and incubated with either murine anti-LILRB1 or anti-LILRB2 antibodies (grey
shaded peaks) or an isotype control antibody (black outlined peaks). To detect binding, secondary FITC-
coupled antibodies specific for the murine Fc domain were applied and cells were analyzed by flow
cytometry. Results from one representative experiment out of seven experiments are shown. Results were
published (Zeller et al., 2022).
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3.2 Generation of Fc-silent anti-LILRB1 and anti-LILRB2
Antibodies

To analyze the influence of HLA class | receptor blockade on the phagocytosis of
lymphoma cells, monoclonal, Fc-silent antibodies specific for either LILRB1 or LILRB2
(referred to as LILRB1-lgGo and LILRB2-IgGao, respectively) with abrogated binding to

FcyRs were generated.

3.2.1 Cloning of Expression Vectors

PSecTag2/Hygro C-derived vectors for the expression of an Fc-silent anti-LILRB1 anti-
body (referred to as LILRB1-IgGo) were already available in the research group. The
vectors (i.e. pSecTag2-GHI/75-LC and pSecTag2-GHI/75-HC-IgG20) contained se-
quences of the V. and V4 domains of the antibody GHI/75 (Pulford et al., 1991, Maute et
al., 2019), which were fused to constant human k LC and IgG2c HC regions (amino acid
substitutions: V234A/G237A/P238S/H268A/V309L/A330S/P331S (Vafa et al., 2014)),
respectively.

To generate expression vectors for an Fc-silent version of the LILRB2-directed antibody
19.h1 (referred to as LILRB2-lgGo), DNA fragments encoding the V. and V4 regions
were generated de novo (Themo Fisher Scientific) according to published sequences
(Cohen et al., 2020) and inserted into the expression vectors pSecTag2-LC (Schewe et
al., 2017) and pSecTag2-HC-IgG1o (C Kellner, unpublished) bearing the amino acid
substitutions L234A/L235A/G237A/P238S/H268A/A330S/P331S (Tam et al., 2017)
using Nhel/Hindlll and Nhel/PpuMI restriction sites, respectively.

3.2.2 Expression and Purification of LILRB1-lgGo and LILRB2-IgGo

For the expression of Fc-silent anti-LILRB1 and anti-LILRB2 antibodies, plasmids en-
coding the respective antibody HC and LC were co-transfected into Lenti-X cells and
affinity chromatography was performed to purify the antibodies from the supernatant. To
visualize successful purification from the cell culture supernatant, SDS-PAGE was
performed under reducing conditions, as exemplified for LILRB2-IgGo in figure 14.
Various bands of different electrophoretic mobility indicated that the untreated cell culture
supernatant (lane 1) and the first wash fraction (lane 2) with PBS of the column holding
the antibody-bound matrix particles contained multiple proteins of different molecular
weights. The decrease in protein bands in the second PBS wash fraction of the column
(lane 3) indicates the successful removal of unwanted protein contaminations from the

column before the elution of LILRB2-lgGo from the matrix particles. The antibody was
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then eluted from the matrix particles and consecutive elution fractions were collected.
Whereas the first and the second antibody elution fractions (lane 5 and 6, respectively)
did not contain relevant amounts of protein, the lanes of the elution fractions three, four
and five (lane 7, 8 and 9, respectively) showed two distinct protein bands at 50 kDa and
25 kDa, which were in line with the expected molecular weights of the separated antibody
HCs and LCs, respectively. Similar results were obtained for LILRB1-lgGo. For

subsequent analysis, the antibody preparations were extensively dialyzed against PBS.
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Figure 14: Purification of LILRB2-lgGo from the cell culture supernatant. The Fc-silent anti-LILRB2
antibody LILRB2-IgGo was purified from the cell culture supernatant of transfected Lenti-X cells employing
the CaptureSelect™ IgG-Cn1 affinity matrix. Consecutive elution fractions were collected. Aliquots of 15 pl
of the cell culture supernatant, the wash fractions and the elution fractions were transferred to a 12% PAA
gel and analyzed by SDS-PAGE under reducing conditions. Proteins were visualized by staining with
Coomassie blue. According to apparent molecular weights (MW), distinct protein bands of approx. 50 kDa
and 25 kDa were assigned to the separated antibody heavy (HC) and light chains (LC), respectively.
Assignment of the lanes: (1) cell culture supernatant, (2) wash fraction 1, (3) wash fraction 2, (4) MW
standard, (5) antibody elution fraction 1, (6) antibody elution fraction 2, (7) antibody elution fraction 3, (8)
antibody elution fraction 4, (9) antibody elution fraction 5.

3.2.3 Biochemical Characterization of LILRB1-lgGo and LILRB2-lgGo
To confirm purity and integrity of LILRB1-IgGo and LILRB2-IgGao, microfluid-based chip

electrophoresis was performed (figure 15A). Under non-reducing conditions, both sam-
ples showed a distinct band of a 150 kDa polypeptide, which is in line with the molecular
weight of an IgG molecule composed of two HCs and two LCs. Under reducing con-
ditions, disulfide bonds were broken up, resulting in the separation of the antibody
chains. As expected, electrophoresis of each LILRB1-lgGo and LILRB2-IgGo revealed
two distinct bands of polypeptides with molecular weights of 25 kDa and 50 kDa, which
represented the antibodies’ LCs and HCs, respectively. The absence of additional bands
of polypeptides indicates high purity of both antibody preparations, which exceeded 97%
in both cases, as calculated using 2100 Expert software.

To specifically identify the antibody HCs and LCs, western transfer experiments were
performed with LILRB1-lgGo and LILRB2-IgGo (figure 15B). SDS-PAGE was conducted

under non-reducing or reducing conditions, proteins were blotted to membranes and HCs
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and LCs were detected using HRP-conjugated antibodies specific for human HCs or
LCs. Under reducing conditions, protein bands of the separated antibody HCs and LCs
were observed at the expected molecular weights of 50 kDa and 25 kDa, respectively,
(figure 15B) in both LILRB1-IgGo and LILRB2-IgGo preparations. Under non-reducing
conditions, in both antibody preparations a sole protein band at 150 kDa was detected
with both anti-HC and anti-LC antibodies, which is in line with the molecular weight of an
assembled IgG molecule (data not shown).

Gel filtration analysis of both antibody preparations was performed to detect potentially
occurring multimers or aggregates (figure 15C). The adsorption of proteins was analyzed
by photometry and the molecular weight was determined based on the elution volume.
Analysis revealed a sole, narrow peak for both antibody constructs at the expected

molecular weight of 150 kDa. Thus, LILRB1-lgGo and LILRB2-lgGo were monomeric in

solution.
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Figure 15: Purity, integrity and homogeneity of LILRB1-lgGo and LILRB2-lgGo. (A) Aliquots of 4 pl of
the purified antibodies were assessed by microfluid-based chip electrophoresis under reducing (lane 1) or
non-reducing (lane 2) conditions. According to apparent molecular weights (MW), protein bands were
allocated to separated antibody heavy (HC) or light chains (LC) or disulfide-bonded IgG molecules. (S,
system peaks) (B) For western transfer assays under reducing conditions, 1 pg of the purified antibody
preparations was loaded on 12% (LILRB1-IgGo) or 10% (LILRB2-IgGo) PAA gels. Proteins were separated
by SDS-PAGE and transferred to nitrocellulose membranes. Antibody HCs and LCs were specifically
visualized using horseradish-peroxidase-conjugated Fc-specific goat anti-human-IgG (anti-hu Fc) and goat
anti-human « light chain (anti-hu k) antibodies, respectively. (C) LILRB1-lgGo and LILRB2-IgGc were
analyzed by gel filtration. One hundred to 400 g of proteins were injected. Thyroglobulin (669 kDa), ferritin
(440 kDa), conalbumin (75 kDa), ovalbumin (43 kDa) and trastuzumab (145 kDa) served as molecular weight
references. Results were published (Zeller et al., 2022).
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3.3 Binding Properties of LILRB1-lgGo and LILRB2-IgGo
3.3.1 Binding of LILRB1-lgGo and LILRB2-lgGo to Macrophages

Initially, the interaction of LILRB1-lgGo and LILRB2-IgGo with macrophages was ana-
lyzed. MO macrophages, which express significant amounts of both LILRB1 and LILRB2
(figure 13), were treated with LILRB1-IgGo or LILRB2-IlgGo and antibody binding was
analyzed by flow cytometry (figure 16). As a result, both antibodies bound to macro-
phages, yet a greater shift in fluorescence intensity was detected in experiments with
LILRB1-IlgGo. This observation could indicate a higher affinity of the antibody for its
target antigen or be due to lower expression levels of LILRB2. An in-house produced Fc-
silent variant of trastuzumab specific for HER2, which is not expressed by macrophages,

was used as an isotype control and did not bind to the cells.
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Figure 16: Binding of LILRB1-lgGo and LILRB2-lgGo to macrophages. MO macrophages were incu-
bated with PBS (black outlined peaks) or 50 pg/ml of LILRB1-IgGo or LILRB2-IgGo (grey shaded peaks).
An Fc-silent version of trastuzumab (IgGo) served as control. PE-conjugated F(ab’), fragments of goat anti-
human Fcy region antibodies were applied and antibody binding was analyzed by flow cytometry. Results
from one representative experiment are shown (n = 3). Results were published (Zeller et al., 2022).

3.3.2 Antigen-Specific Binding of LILRB1-lgGo and LILRB2-lgGo

Specific recognition of the respective target antigen by LILRB1-IgGo and LILRB2-IgGo
is essential to determine the individual impact of LILRB1 or LILRB2 antibody blockade
on the phagocytosis of lymphoma cells. CHO-K1 cells, which normally do not express
LILRB1 and LILRB2, were transfected with LILRB1 or LILRB2 cDNA expression vectors
for transient expression of either LILRB1 or LILRB2 (referred to as CHO-LILRB1 and
CHO-LILRBZ cells, respectively). The transfected cells were then employed in antibody
binding studies (figure 17). Staining of CHO-LILRB1 and CHO-LILRB2 cells with
commercially available, PE-conjugated antibodies specific for LILRB1 or LILRB2
confirmed successful transfection and sufficient antigen expression. CHO-LILRB1 and
CHO-LILRBZ cells were then treated with LILRB1-IgGo or LILRB2-IgGo and binding was
determined by flow cytometry. The experiments revealed antigen-specific binding of
LILRB1-IgGo only to CHO-LILRB1 cells, but not to CHO-LILRB2 cells. LILRB2-IgGo

mainly bound to CHO-LILRB2 cells, yet a minor shift in fluorescence intensity was also

61



3 Results

detected in experiments with CHO-LILRB1 cells. This finding may indicate weak cross-
reactivity of LILRB2-lgGo with LILRB1. An Fc-silent variant of trastuzumab, which was
used as an isotype control, neither bound to CHO-LILRB1 cells nor to CHO-LILRB2 cells.

None of the antibodies reacted with mock transfected CHO-K1 control cells.
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Figure 17: Antigen-specificity of LILRB1-lgGo and LILRB2-IgGo. LILRB1 or LILRB2 cDNA expression
constructs were transfected into CHO-K1 cells to achieve transient expression of either LILRB1 or LILRB2
(referred to as CHO-LILRB1 and CHO-LILRB2 cells, respectively). CHO-LILRB1 cells, CHO-LILRB2 cells
and mock transfected CHO-K1 cells (treated with transfection reagent only; Mock) were incubated with either
PBS (black outlined peaks) or with 50 pyg/ml of LILRB1-lgGo, LILRB2-IgGo or an Fc-silent version of
trastuzumab (IgGo; grey shaded peaks). Detection of antibody binding was performed with secondary PE-
conjugated F(ab’), fragments of goat anti-human Fcy region antibodies. To ensure sufficient cell surface
expression of LILRB1 and LILRB2, commercially available, PE-conjugated anti-LILRB1 (LILRB1-PE) and
anti-LILRB2 (LILRB2-PE) antibodies were employed. Cells were analyzed by flow cytometry. Representative
results from one out of three performed experiments are shown. Results were published (Zeller et al., 2022).

3.4 Receptor Blocking by LILRB1-lgGo and LILRB2-lgGo

LILRB1 and LILRB2 bind different HLA class | molecules with varying affinities (Shiroishi
et al., 2006b). To find a suitable reagent for blocking studies with LILRB1-lgGo and
LILRB2-IgGo, binding of different soluble, PE-conjugated, viral peptide-loaded penta-
mers or dextramers of HLA-A, HLA-B and HLA-C molecules (table 12) to CHO-LILRB1
and CHO-LILRB2 cells was analyzed. CHO-LILRB1 or CHO-LILRB2 cells were stained
with the soluble HLA molecules and binding was determined via flow cytometry (data not
shown). All three HLA molecules bound to CHO-LILRB1 cells. The highest fluorescence
intensity was detected in experiments with a PE-conjugated pentamer of HLA-C*0702
carrying a CMV IE-1 peptide. In contrast, substantially lower fluorescence intensities
were observed with CHO-LILRB2 cells. Whereas in experiments with HLA-B*0801 and
HLA-C*0702 weak binding to CHO-LILRB2 cells was detected, a dextramer of HLA-
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A*0201 loaded with the CMV pp65 NLVPMVATV peptide efficiently bound to CHO-
LILRB2 cells. Yet, the detected fluorescence intensity was lower than in experiments
with CHO-LILRB1 cells. No interaction of soluble HLA peptide multimers with mock
transfected CHO-K1 cells was observed, indicating that LILRB1 and LILRB2 were
responsible for the binding of the HLA multimers to CHO-LILRB1 and CHO-LILRB2 cells,
respectively. Since CMV pp65 peptide-loaded HLA-A*0201 displayed binding to CHO-
LILRB1 as well as to CHO-LILRB2 cells, this molecule was chosen to analyze the ability
of LILRB1-IlgGo and LILRB2-IgGo to interfere with LILRB1 and LILRB2 ligation by HLA
class I, respectively. To mask receptors, CHO-LILRB1 and CHO-LILRB2 cells were pre-
treated with LILRB1-lgGo and LILRB2-IgGo, respectively. Cells were then reacted with
HLA-A*0201-CMV pp65 (NLVPMVATYV) dextramers. Binding of the dextramers was
analyzed by flow cytometry and residual binding to the cells pre-treated with LILRB1-
IgGo and LILRB2-IgGo was determined relative to the interaction with control cells that
were pre-treated with HER2-IgGo (figure 18). LILRB1-lgGo and LILRB2-IgGo effectively
inhibited binding of the HLA-A*0201 dextramer to CHO-K1 cells expressing LILRB1 and
LILRB2, respectively, and only minor residual binding was detectable upon antibody
blockade. Thus, LILRB1-IgGo and LILRB2-IgGo are suitable reagents to mask LILRB1
and LILRB2, respectively.
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Figure 18: Disruption of receptor-ligand-interaction by LILRB1-lgGo and LILRB2-lgGo. CHO-K1 cells
were transfected with expression constructs for either LILRB1 (left graph) or LILRB2 (right graph) to achieve
transient display of the receptors. Cells were then incubated with 50 ug/ml of either LILRB1-IgGo (LILRB1)
or LILRB2-lgGo (LILRB2), respectively, to block LILRB receptors. HER2-IgGo (IgGo) served as control
antibody. To analyze the residual interaction of HLA molecules with LILRB receptors, PE-labeled MHC |
Dextramer® of NLVPMVATV-peptide-loaded HLA-A*0201 molecules were applied to the cells. Using flow
cytometry, mean fluorescence intensity values were determined and residual ligation of CHO-LILRB1 and
CHO-LILRB2 cells by HLA molecules relative to cells treated with the control antibody was calculated. Bars
indicate mean values + SEM of three independent experiments (***, P < 0.001; Student’s t test). Results
were published (Zeller et al., 2022).
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3.5 Analysis of the Impact of LILRB1 or LILRB2 Blockade on

ADCP in Lymphoma Cell Line Models
3.5.1 ADCP of Lymphoma Cell Lines upon HLA Receptor Blockade
The impact of LILRB1 or LILRB2 antibody blockade on the phagocytosis of lymphoma

cells was initially analyzed with Carnaval DLBCL cells. Monocytes were differentiated to
MO macrophages, incubated with Carnaval cells in the presence of antibodies and pha-
gocytosis was determined via fluorescence microscopy (figure 19). LILRB1-IgGo or
LILRB2-IlgGo were applied alone, together with rituximab, or with both rituximab and the
CD47-Igo antibody for concomitant CD47 blockade. When applied alone, neither
LILRB1-IgGo nor LILRB2-IgGo induced ADCP. Also, when used in combination with
rituximab, the two antibodies did not enhance ADCP significantly, although enhanced
ADCP was observed in some experiments with individual macrophage preparations.
However, when used together with rituximab and CD47-1gGao, LILRB1-IgGo, but not
LILRB2-1gGo, significantly further enhanced the uptake of Carnaval cells.
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Figure 19: Impact of HLA receptor blockade on ADCP of Carnaval cells by MO macrophages. LILRB1-
IgGo (LILRB1; left) and LILRB2-IgGo (LILRB2; right) were tested for their impact on the phagocytosis of
CFSE-labeled Carnaval cells by MO macrophages (E:T cell ratio: 1:2). The antibodies (10 pg/ml each) were
either used as a single agent, combined with rituximab (RTX) or with RTX and CD47-lgGoc (CDA47).
Phagocytosis was determined via fluorescence microscopy after 2 h and phagocytic index values were
calculated. Data points show results obtained with individual preparations of macrophages from eight
(LILRB1-IgGo) or six (LILRB2-IgGo) different donors (**, P < 0.01; ns, not significant; one-way ANOVA with
Sidak’s multiple comparisons test). Results were published (Zeller et al., 2022).

To confirm an antigen-specific mechanism of action of LILRB1-IgGo in enhancing ADCP,
an Fc-silent variant of trastuzumab (referred to as HER2-IgGo) was compared to
LILRB1-IgGo in fluorescence microscopy-based ADCP experiments with Carnaval cells
and MO macrophages (figure 20). When applied alongside with rituximab and CD47-
IgGo, LILRB1-IgGo again significantly further enhanced ADCP, whereas the Fc-silent
control antibody did not promote phagocytosis. Some effects were observed by adding

LILRB2-IgGo to rituximab and CD47-1gGo in individual experiments, but overall statisti-
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cal significance was not reached. Interestingly, ADCP of Carnaval cells was also not
initiated when rituximab containing a functional Fc region was not added and only
combinations of CD47-IgGo with LILRB1-lgGo or LILRB2-IgGo were applied. This
finding indicates that even disruption of inhibitory signaling of both SIRPa and LILRB1 in
macrophages was not sufficient to initiate the phagocytosis of lymphoma cells in the

absence of FcyR-engagement, which provides an activating signal.
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Figure 20: Antigen-specific enhancement of ADCP by LILRB1-lgGo. To verify antigen-specificity,
LILRB1-lgGo was compared to an Fc-silent variant of trastuzumab (IgGo). Carnaval cells labeled with CFSE
were co-cultured with MO macrophages (E:T cell ratio: 1:2) without antibody treatment (w/o) or under
treatment with 10 pug/ml of each of the indicated antibodies. Phagocytosis was determined by fluorescence
microscopy after 2 h and phagocytic index values were calculated. Data points represent results obtained
with individual preparations of macrophages from four different donors. Horizontal lines represent mean
values, the error bars indicate SD (*, P < 0.05; ***, P < 0.001; ns, not significant; one-way ANOVA with
Sidak’s multiple comparisons test). Results were published (Zeller et al., 2022).

To analyze, whether the enhancement of ADCP by LILRB1-lgGo when added to
treatment with rituximab and CD47-IgGo is applicable also to other lymphoma cell lines,
fluorescence microscopy-based ADCP experiments were performed with DG-75 Burkitt
lymphoma and MEC2 CLL cells (figure 21). As observed in experiments with Carnaval
cells as targets, the antibody combination of LILRB1-IgGo, rituximab and CD47-1gGo
significantly promoted the phagocytosis of MEC2 cells compared to dual application of
rituximab and CD47-1gGo only. Of note, upon treatment with the triple antibody combi-
nation decent phagocytosis of DG-75 cells was observed. These cells hardly were en-
gulfed even when rituximab was paired with CD47-I9Go. Again, when an Fc-silent con-
trol antibody or LILRB2-IgGo were applied together with rituximab and CD47-lgGo, no
improvement in phagocytosis was observed. Also, CD47 and LILRB1 or LILRB2 immune
checkpoint co-blockade did not translate into the initiation of phagocytosis of MEC2 or

DG-75 cells without rituximab treatment.
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Figure 21: Enhanced ADCP of MEC2 and DG-75 cells by LILRB1-lgGo. MEC2 and DG-75 cells were
labeled with CFSE and co-incubated with MO macrophages (E:T cell ratio: 1:2) under treatment with the
indicated antibodies or antibody combinations (10 pg/ml each; w/o, without antibody treatment) for 2 h.
Fluorescence microscopy was used to determine the phagocytic index for each treatment. Trastuzumab
(IgG1) and an Fc-silent version of it (IgGo) were employed as controls. Data points represent results
obtained with individual preparations of macrophages from ten (MEC2) or six (DG-75) different donors.
Horizontal lines indicate mean values + SD (*, P < 0.05; **, P < 0.01; ns, not significant; one-way ANOVA
with Sidak’s multiple comparisons test). Results were published (Zeller et al., 2022).

Similar results were observed when Granta 519 MCL cells were employed as target cells,
whereas no significant improvements in ADCP were found with SU-DHL-4 DLBCL cells,
which are highly susceptible to ADCP by rituximab (data not shown; experiments were
performed by Dr. Sebastian Lutz in collaboration) (Zeller et al., 2022). Comparing the
analyzed lymphoma cell lines, the largest fold increase in ADCP by combining rituximab
and CD47-IgGo with LILRB1-IgGo was observed in experiments with DG-75 cells (figure
22). Interestingly, among the analyzed cell lines DG-75 cells had the lowest expression
level of CD20 (figure 11).
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Figure 22: Fold improvement in ADCP of B-NHL cell lines by LILRB1-lgGo. Phagocytic index values
from ADCP assays with DG-75, MEC2 and Carnaval cells (figures 20 and 21) were used to determine the
increase in phagocytosis by concomitant treatment with LILRB1-IgGo in addition to rituximab plus CD47-
IgGo relative to the extent of phagocytosis by rituximab and CD47-IgGo only. Assays with SU-DHL-4 and
Granta 519 cells were performed by Dr. Sebastian Lutz in collaboration and data were kindly provided for
this analysis. Bars indicate mean values + SD. Results were published (Zeller et al., 2022).
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3.5.2 Depletion of Lymphoma Cells upon HLA Receptor Blockade

In fluorescence microscopy-based ADCP experiments, LILRB1-IgGo demonstrated
efficacy to enhance the CD20 antibody-mediated macrophage phagocytosis of lym-
phoma cells when combined with concomitant CD47 blockade, whereas LILRB2-lgGo
was not efficient. Next, the results obtained with LILRB1-IgGo should be confirmed by
analyzing the depletion of lymphoma cells from the supernatant. Therefore, the
IncuCyte® live cell imaging technology was newly established and employed to deter-
mine the residual remaining lymphoma cells in the supernatant after co-incubation with
macrophages and treatment with antibodies (figure 23). In accordance with the previous
findings, treatment with LILRB1-IgGo led to significantly improved depletion of Carnaval

cells by MO macrophages when applied together with rituximab and CD47-IgGo.
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Figure 23: Enhanced depletion of B-NHL cells by LILRB1-lgGo. CFSE-labeled Carnaval cells were in-
cubated with MO macrophages (E:T cell ratio: 1:2) and the indicated antibodies (10 pg/ml each) for 2 h.
Then, the supernatant was removed, residual Carnaval cells were quantified by live cell imaging and the
percentage of residual cells compared to the control assay without antibody treatment (w/o) was determined.
Horizontal lines show mean values, error bars represent SD of five individual experiments (*, P < 0.05; **, P
< 0.01; ns, not significant; one-way ANOVA with Sidak’s multiple comparisons test; RTX, rituximab; CD47,
CD47-1gGo; LILRB1, LILRB1-IgGo; IgGo, HER2-I9Go). Results were published (Zeller et al., 2022).

3.5.3 Impact of LILRB1-IlgGo on IgA Antibody-Mediated ADCP

Phagocytosis experiments with Carnaval, MEC2 and DG-75 cells revealed that an acti-
vating signal in form of FcyR-engagement by rituximab is crucial for the co-inhibition of
LILRB1 and CD47 to become effective. Whereas the majority of therapeutic antibodies
are IgG molecules, also the IgA isotype may hold promise. CD20-directed IgA antibodies
have been demonstrated to induce macrophage ADCP of lymphoma cells and the effect
was further enhanced, when the antibodies were combined with CD47 blockade (Evers
et al.,, 2021). To investigate, whether also LILRB1 blockade enhances IgA antibody-
mediated phagocytosis, LILRB1-IgGo was combined with an IgA2 version of rituximab
(referred to as RTX-IgA2) (figure 24). As observed with the parental antibody rituximab,
RTX-IgA2 induced the phagocytosis of Carnaval cells by MO macrophages and ADCP
was further enhanced, when RTX-IgA2 was combined with CD47-1gGo.
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Again, LILRB1-IgGo demonstrated efficacy and further boosted phagocytosis when
applied together with RTX-IgA2 and CD47-IgGo. An IgA2 version of the anti-EGFR

antibody cetuximab was employed as a control and did not mediate ADCP.
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Figure 24: Co-blockade of LILRB1 and CD47 promotes ADCP by IgA antibodies. CFSE-labeled
Carnaval cells were incubated with MO macrophages (E:T cell ratio: 1:2) and an IgA2 version of rituximab
(RTX-IgA2) applied as single agent or together with CD47-IgGo and/or LILRB1-IgGo (each antibody applied
at 10 pg/ml) for 2 h. Phagocytosis was determined via fluorescence microscopy. An IgA2 version of the anti-
EGFR antibody cetuximab (IgA2) and an Fc-silent version of trastuzumab (IgGo) were employed as control.
Horizontal lines represent mean phagocytic index values + SD of six individual experiments (*, P < 0.05; ns,
not significant; one-way ANOVA with Sidak’s multiple comparisons test; LILRB1, LILRB1-lgGo; CDA47,
CD47-1gGo). Results were published (Zeller et al., 2022).

3.5.4 Serial Phagocytosis of Lymphoma Cell Lines upon HLA Receptor
Blockade

In fluorescence microscopy-based ADCP experiments, individual MO macrophages de-
monstrated the ability to engulf multiple lymphoma cells (figure 25). Particularly when
rituximab was paired with both CD47-IgGo and LILRB1-IgGa, multiple cell ADCP by
individual macrophages occurred in assays with Carnaval, Granta 519 and MEC2 cells.
With DG-75 cells as targets serial phagocytosis was also observed, but to a notably
lesser extent and only upon triple treatment with rituximab, CD47-IgGo and LILRB1-
IgGo. To evaluate the relative contribution of single and multiple lymphoma cell ADCP,
the analyzed phagocytic events were allocated to engulfment of the first target cell (initial
phagocytosis) or to uptake of further target cells (serial phagocytosis) (figure 25). Of note,
in experiments with Carnaval cells, enhancement of rituximab-mediated ADCP by
immune checkpoint co-inhibition of CD47 and LILRB1 was particularly achieved by serial
phagocytosis and multiple lymphoma cell uptake by individual macrophages. However,
also the absolute number of macrophages, which had engulfed lymphoma cells,

increased upon blockade of both immune checkpoints.
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Figure 25: Serial ADCP of B-NHL cells by M0 macrophages. (A) The engulfment of multiple Carnaval (n
=9), MEC2 (n = 6) or DG-75 (n = 6) cells by individual MO macrophages is promoted by LILRB1 and CD47
antibody co-blockade. Phagocytoses mediated by rituximab (RTX), RTX and CD47-IgGo (CD47) or RTX,
CD47-1gGo and LILRB1-IgGo (LILRB1) were categorized as either the initial engulfment of a lymphoma cell
(initial phagocytosis) or the uptake of further lymphoma cells (serial phagocytosis) and are shown as
proportions of phagocytic index values. Bars indicate mean values + SEM. Statistically significant differences
in initial (*) and serial (#) phagocytosis event values are marked (P < 0.05; two-way ANOVA with Tukey’s
post hoc test). (B) Carnaval cells labeled with CSFE were co-cultured with Cell Brite™ Orange-labeled MO
macrophages (E:T cell ratio: 1:2) under treatment with rituximab, CD47-1lgGc and LILRB1-IlgGo (10 pg/ml
each). Images show three macrophages (red), having phagocytozed one (left macrophage), three (middle
macrophage) or no (right macrophage) Carnaval cells (green). NucBlue™ was employed for the staining of
nuclei (blue). Image four is a microscope composite image combining the red (first image), green (second
image) and blue (third image) channel images. Results were published (Zeller et al., 2022).

3.5.5 Kinetics of ADCP upon HLA Receptor Blockade

The analysis of phagocytosis by fluorescence microscopy only allows for investigation at
one distinct time point. To also analyze the kinetics of the initiation of ADCP by
antibodies, real time, live cell imaging of macrophage phagocytosis of lymphoma cells
via the IncuCyte® live cell imaging device was established. DG-75 cells were stained with
the pH-sensitive dye pHrodo® Red, which is nonfluorescent at a neutral pH, and co-
cultured with MO macrophages under antibody/antibody combination treatment. When
target cells are engulfed, the acidic pH in the phagolysosome causes an increase in red
fluorescence of pHrodo® Red-stained cells. Red object counts per microscope image
were quantified as a measure of phagocytosis and repetitive analysis of the phagocytosis
was performed (figure 26). As observed in previous experiments, DG-75 cells were
barely phagocytozed when rituximab or the combination of rituximab and CD47-IgGo

were applied. In accordance with the findings in fluorescence microscopy-based
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phagocytosis assays, LILRB1-lgGo again significantly potentiated ADCP of DG-75 cells
in live cell imaging experiments when paired with rituximab and CDA47-IgGo.
Phagocytosis of DG-75 cells occurred rapidly. ADCP by LILRB1-IgGo was already
detected after 30 min and peaked after 2 h with a subsequent decrease in red object
count per image. Treatment with LILRB2-IgGo or an Fc-silent control antibody did not

mediate an effect on ADCP at any time point.
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Figure 26: Kinetics of ADCP of DG-75 cells by M0 macrophages upon antibody treatment. Live cell
imaging was established to determine the kinetics of ADCP induced by antibody treatment. (A) Rituximab
(RTX), CD47-IgGo (CD47) and LILRB1-IgGo (LILRB1; left diagram) or LILRB2-IgGo (LILRBZ2; right diagram)
were applied alone or in combination (each at a concentration of 10 pg/ml; w/o, without added antibody) to
DG-75 cells labeled with pHrodo® Red and MO macrophages (E:T cell ratio: 1:2) from different donors (n =
9). HER2-IgGo (IgGo) served as control. Phagocytosis was analyzed repetitively by live cell imaging. Data
points indicate means + SD of red object count per image. Statistically significant (P < 0.05) differences
between the treatment groups RTX/CD47-IgGo vs. RTX/CD47-lgGo/LILRB1-IgGo are indicated (*),
comparison of the treatment groups RTX/CD47-IgGo vs. RTX/CD47-IgGo/LILRB2-IgGo revealed no
statistically significant differences (ns; two-way ANOVA with Fisher’s LSD test). (B) Shown are
representative live cell imaging results of increased fluorescence of pHrodo® Red-labeled DG-75 cells
engulfed by MO macrophages upon antibody treatment. Images were taken after 1.5 h and show the control
assay devoid of antibodies (first image), treatment with RTX (second image), RTX and CD47-1gGo (third
image) and RTX plus concomitant application of CD47-IgGo and LILRB1-IgGo (fourth image; n = 9). Results
were published (Zeller et al., 2022).

3.5.6 Dose-Dependent Enhancement of ADCP by LILRB1-lgGo

To explore the dose-dependent enhancement of the phagocytosis of lymphoma cells by
LILRB1-1Go, live cell imaging phagocytosis assays were performed, in which treatment

with rituximab plus CD47-lgGo was combined with ascending concentrations of either
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LILRB1-IgGo or HER2-IgGo as a control (figure 27). DG-75 cells and MO macrophages
were employed as target and effector cells, respectively. Analysis revealed that higher
concentrations of LILRB1-IgGo led to higher rates of ADCP. When rituximab and CD47-
IgGo were combined with 2 pg/ml or 10 pg/ml of LILRB1-IgGo, significantly elevated
levels of ADCP were observed after 1 h of application, with 50 pg/ml of LILRB1-lgGo
already after 30 min. Again, a peak was reached after 2 h with a subsequent decrease
in red object counts. LILRB1-IgGo applied at 0.4 ug/ml or HER2-IgGo applied at any
concentration were unable to enhance ADCP of DG-75 cells, which were only
phagocytozed when both CD47 and LILRB1 were blocked efficiently, in agreement with

previous observations.
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Figure 27: Dose-dependent enhancement of ADCP by LILRB1-lgGo. DG-75 cells were labeled with
pHrodo® Red and co-cultured with human MO macrophages (E:T cell ratio: 1:2) from four different donors
under treatment with rituximab (RTX) and CD47-IgGo (CD47; each at a fixed concentration of 10 ug/ml).
Either LILRB1-IgGo (LILRB1) or the control antibody HER2-IgGo (IgGo) were added at corresponding
ascending concentrations from 0.4 pg/ml to 50 pg/ml. Phagocytosis was determined repetitively via live cell
imaging for 4 h. Data points represent means + SD of red object count per image. Statistically significant
differences between treatment groups containing LILRB1-IgGo and HER2-IgGo at corresponding
concentrations are indicated (*, P < 0.05; two-way ANOVA with Fisher’s LSD test). Results were published
(Zeller et al., 2022).

3.5.7 Impact of Enhanced FcyR Activation on ADCP under LILRB1 and
CD47 Dual Immune Checkpoint Blockade

Improvement of FcyR-engagement through antibody Fc engineering has been demon-
strated to increase ADCP (Schewe et al., 2017). Therefore, it was analyzed, whether
further enhancement of ADCP was achievable by combining anti-LILRB1 and CD47 anti-
bodies with an in-house produced, Fc-engineered version of rituximab with improved
affinity for FcyRs (referred to as RTX-DE) by the amino acid exchanges S239D and
I332E. Phagocytosis of DG-75 cells by MO macrophages was determined in live cell
imaging phagocytosis assays under treatment with either rituximab or RTX-DE alone or
together with CD47-IgGo or CD47-IgGo and LILRB1-IgGo (figure 28). When rituximab
or RTX-DE were combined with CD47-IgGo, ADCP was potentiated. Importantly, dual
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LILRB1/CD47 checkpoint inhibition significantly further improved both RTX-DE- and
rituximab-mediated phagocytosis. Of note, 2 h after application of the antibodies, the
treatment combination of RTX-DE, CD47-lgGo and LILRB1-IgGo was significantly more
potent than CD47 and LILRB1 co-blockade combined with the native rituximab. These
findings indicate that enhancement of the phagocytosis of lymphoma cells through the
co-inhibition of LILRB1 and CD47 can even further be promoted by additionally
optimizing effector cell recruitment through raising the affinity of the cancer cell-directed
antibody for activating FcyRs.
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Figure 28: Further enhancement of ADCP by engineering the Fc domain of the CD20 antibody. Induc-
tion of ADCP by rituximab (RTX) or an Fc-engineered version of RTX with improved FcyR affinity (RTX-DE)
was determined in four-hour live cell imaging phagocytosis experiments with pHrodo® Red-labeled DG-75
cells and MO macrophages (E:T cell ratio: 1:2). Cells were incubated with RTX or RTX-DE alone or together
with CD47-IgGo, LILRB1-IgGo or both (each applied at a concentration of 10 ug/ml). Trastuzumab (IgG1)
and its Fc-engineered derivate HER2-DE were used in control reactions. Data points represent mean red
object counts + SD of four individual experiments (*, statistically significant differences between RTX-
DE/CD47-1gGo/LILRB1-IgGo and RTX-DE/CD47-1gGa; #, statistically significant differences between RTX-
DE/CD47-1gGo/LILRB1-IgGo and RTX/CD47-1gGa/LILRB1-IgGo; P < 0.05; two-way ANOVA with Fisher’s
LSD test). Results were published (Zeller et al., 2022).

3.6 Evaluation of LILRB1 or LILRB2 Blockade in Differentially

Polarized Macrophages

When paired with rituximab and CD47 inhibition, LILRB1-IgGo enhanced the phagocyto-
sis of different lymphoma cell lines by non-polarized MO macrophages differentiated with
M-CSF. However, macrophages are highly plastic cells that exist in a wide range of
functional polarizations. To analyze the influence of LILRB1 and LILRB2 on the phago-
cytosis activity of polarized macrophages, monocytes were cultured in the presence of
cytokines or their combinations with other stimuli to generate differentially polarized
macrophages. The polarization state was verified by expression analysis of polarization
marker antigens. Expression of SIRPa, LILRB1 and LILRB2 was analyzed and the
differentially polarized macrophages were compared as effector cells in phagocytosis

assays.

72



3 Results

3.6.1 Expression of M1 and M2c Marker Antigens by Polarized

Macrophages

Monocytes were enriched from the peripheral blood of healthy volunteers, differentiated
in the presence of GM-CSF and activated with IFN-y and LPS to generate classically
activated, pro-inflammatory M1 macrophages. In parallel, monocytes were polarized with
M-CSF and IL-10 to generate alternatively activated, anti-inflammatory M2c macro-
phages. Non-polarized MO macrophages, obtained by the culture of monocytes from the
same donor under exposure to M-CSF only, were employed as a control. M1, M2c and
MO macrophages were immunolabeled with PE-conjugated antibodies against CD14,
which is a non-specific marker antigen for monocytes and macrophages, the M2 marker
antigen CD163 or the M1 marker antigen CD80 (figure 29). Analysis by flow cytometry
revealed prominent expression of CD14 in all three subgroups of macrophages. As
expected, CD163 expression was strong in M2c macrophages and comparably low
CD163 levels were detected in M1 macrophages. CD80 expression, on the other hand,
was prominent in M1 macrophages, but barely detectable in MO or M2¢ macrophages.
These findings confirmed that the cytokine and stimuli combinations mentioned above

were effective in inducing either an M1 or M2c phenotype in macrophages.
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Figure 29: Expression of polarization marker antigens on M0, M1 and M2c macrophages. Monocytes
were differentiated towards non-polarized MO macrophages or polarized towards an M1 or M2c phenotype
in parallel. To determine surface antigen expression, cells were incubated with PE-conjugated antibodies
against CD14, CD163 and CD80 (grey shaded peaks) or a PE-conjugated control antibody (black outlined
peaks). Antibody binding was determined via flow cytometry. Histograms from one representative
experiment out of three experiments are shown. Results were published (Zeller et al., 2022).
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3.6.2 Expression of Immune Checkpoint Molecules on Polarized
Macrophages

Expression of the immune checkpoint molecules LILRB1, LILRB2 and SIRPa in
differentially polarized macrophages was quantified to evaluate their availability for
immune checkpoint blockade. Peripheral blood monocytes were differentiated towards
M1 or M2c macrophages in parallel. Non-polarized MO macrophages derived from
monocytes from the same donor were employed as a control. Cell surface expression of
antigens was determined by calibrated flow cytometry (figure 30). Compared to MO
macrophages, similar amounts of LILRB1 and LILRB2 were detected on M1 and M2c
macrophages. Expression analysis of SIRPa revealed similar expression levels in MO

and M2c macrophages. Interestingly, decreased expression was found in M1

macrophages.
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Figure 30: Expression of the immune checkpoints LILRB1, LILRB2 and SIRPa on M0, M1 and M2c
macrophages. MO, M1 or M2c macrophages derived from monocytes from the same donor were
immunolabeled with anti-LILRB1, anti-LILRB2 or anti-SIRPa antibodies and binding was analyzed via
calibrated flow cytometry. Data points represent the calculated specific antibody binding capacities (SABC)
for macrophages derived from seven individual donors. Bars indicate mean values + SD and statistically
significant differences are indicated (*, P < 0.05; ns, not significant; two-way ANOVA with Tukey’s post hoc
test). Results were published (Zeller et al., 2022).

3.6.3 Influence of Macrophage Activation by LPS and IFN-y on the
Expression of LILRB1, LILRB2 and SIRPa

The activation of macrophages by activating stimuli, such as IFN-y and LPS, is crucial to
obtain polarization towards a classically activated, pro-inflammatory M1 phenotype. To
analyze the impact of exposure to cytokines and activating stimuli on the expression of
immune checkpoint molecules, peripheral blood monocytes were differentiated to MO
macrophages under exposure to either M-CSF or GM-CSF. Subsequently, cells were
either activated with IFN-y and LPS to adopt an M1 phenotype or left untreated. Thus
generated macrophage subpopulations were assessed for expression levels of the
immune checkpoint molecules LILRB1, LILRB2 and SIRPa by calibrated flow cytometry
(figure 31). Interestingly, exposure to IFN-y and LPS led to notably higher expression
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levels of LILRB1 and LILRB2 in both M-CSF- and GM-CSF-treated macrophage
populations. Contrary to the display of HLA receptors, macrophage activation with IFN-

y and LPS resulted in significantly reduced SIRPa expression levels.
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Figure 31: Influence of macrophage activation on the expression of LILRB1, LILRB2 and SIRPa.
Monocytes were differentiated to macrophages with either M-CSF (left graph) or GM-CSF (right graph). After
six days, macrophages were either activated by additional treatment with IFN-y and LPS for 48 h or left
untreated. Cells were stained with antibodies specific for LILRB1, LILRB2 or SIRPa and binding was
analyzed via calibrated flow cytometry. Data points mark the calculated specific antibody binding capacities
(SABC) for macrophages derived from four (M-CSF) or three (GM-CSF) individual donors. Statistically
significant differences between cells activated with IFN-y and LPS and cells left untreated are highlighted (*,
P <0.05; **, P<0.01; ***, P <0.001; two-way ANOVA with Fisher's LSD test). Results were published (Zeller
et al., 2022).

3.6.4 Phagocytosis of Lymphoma Cells by Polarized Macrophages

The impact of HLA receptor antibody blockade was analyzed in phagocytosis assays
with polarized macrophages as effector cells. Macrophages differentiated towards an M1
or M2c phenotype were incubated with Carnaval cells under treatment with rituximab,
CD47-1gGo, LILRB1-IgGo, LILRB2-IgGo or antibody combinations and phagocytosis
was determined by fluorescence microscopy (figure 32). Rituximab was effective in indu-
cing the phagocytosis by all the analyzed macrophage populations. ADCP by
macrophages of an MO or M2c phenotype was significantly further enhanced when
rituximab was accompanied by CD47-IgGo. A similar, yet not statistically significant,
trend was observed in experiments with M1 macrophages as effector cells. Remarkably,
as seen in phagocytosis assays with MO macrophages, LILRB1-IgGo significantly further
potentiated the phagocytosis of lymphoma cells by both M2c and M1 macrophages when
applied alongside rituximab and CD47 blockade. In accordance with previous findings
for MO macrophages, LILRB2-IgGo did not mediate an effect on ADCP by M1 or M2c

macrophages.

75



3 Results

250 7 4x *hk gk 250 4 % ns * 250 = ns ns ns
% 200 - 200 — 200 —
2
5 150 - 150 - 7 150 -
s c
g 100 - 100 - ? : 100 -
S z
£ 50 50 — { 50 — ﬁ iég
g 0 0 T | E—
MO M1 M2c M2c MO M1 M2c
O wbo 0 RTX O RTX
O RTX RTX + CD47 O RTX+LILRB1
250 71 yewen * ok 250=— ns ns ns

3 200 - /0 200 =

e}

= 150 - 2 2 150 3

g 100 > 4 100 - o ©

g 50 /0 : 50 — \0 © -8

o U .% ‘\e

0" | — 0" T T
MO M1 M2c MO M1 M2c
RTX + CD47 RTX + CD47

O RTX+CD47 + LILRB1 O RTX+CD47 + LILRB2

Figure 32: Impact of HLA receptor blockade on ADCP by differentially polarized macrophages. MO,
M1 or M2c macrophages differentiated from monocytes from the same donors (n = 6) were analyzed via
fluorescence microscopy for their capability to engulf CFSE-labeled Carnaval cells (E:T cell ratio: 1:2) when
treated with the indicated antibodies (10 pg/ml each). Cells were analyzed after 2 h and phagocytic index
values were determined. Induction of ADCP was assessed for treatment with rituximab (RTX) vs. the control
reaction devoid of antibodies (w/o; upper left graph), RTX/CD47-lgGo (CD47) vs. RTX (upper middle graph),
RTX/LILRB1-IgGo (LILRB1) vs. RTX (upper right graph), RTX/CD47-lgGo/LILRB1-IgGo vs. RTX/CD47-
IgGo (lower left graph) and RTX/CD47-IgGo/LILRB2-IgGo (LILRB2) vs. RTX/CD47-1gGo (lower right graph).
Statistically significant differences are marked (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant;
two-way ANOVA with Sidak’s multiple comparisons test). Results were published (Zeller et al., 2022).

3.6.5 Serial Phagocytosis of Lymphoma Cells by Polarized Macrophages

As observed in experiments with MO macrophages as effector cells, individual M1 and
M2c macrophages demonstrated the ability to engulf multiple lymphoma cells. Again,
phagocytic events were categorized into initial ADCP, i.e. the primary uptake of a target
cell, and serial ADCP, i.e. the uptake of further target cells, and the relative contribution
of single and multiple cell phagocytosis to the overall phagocytic index values achieved
by the application of the indicated antibodies was determined (figure 33). Again,
particularly LILRB1/CD47 antibody co-inhibition facilitated the uptake of multiple
Carnaval cells. In both M1 and M2c macrophages, the increase in phagocytosis upon
combination of rituximab with CD47-lgGo or CD47-IgGo plus LILRB1-lgGo mainly

resulted from the serial uptake of target cells by individual macrophages.
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Figure 33: Serial ADCP of B-NHL cells by polarized macrophages. Dual inhibition of LILRB1 and CD47
promoted multiple cell ADCP of Carnaval cells by M1 (left diagram) or M2c (right diagram) macrophages.
Phagocytic events from fluorescence microscopy phagocytosis experiments (figure 32) were grouped into
primary ADCP of a target cell (initial phagocytosis) and the uptake of further target cells (serial phagocytosis)
and are plotted as proportions of overall phagocytic index values. Bars represent mean values + SEM.
Statistically significant differences between the treatment groups in initial (*) and serial (#) phagocytosis
event values are marked (P < 0.05; two-way ANOVA with Tukey’s post hoc test).

3.6.6 Influence of Macrophage Activation by LPS and IFN-y on the
Phagocytosis of Lymphoma Cells

Next, the influence of macrophage activation on the phagocytosis of lymphoma cells
upon antibody treatment was determined. Macrophages pre-treated with either M-CSF
or GM-CSF were activated with IFN-y and LPS or left untreated and co-incubated with
Carnaval cells. Rituximab, CD47-1gGao, LILRB1-IgGo or combinations of antibodies were
applied, phagocytosis was quantified via fluorescence microscopy and compared
between the different effector cell populations (figure 34). As a result, non-activated, GM-
CSF-differentiated macrophages were incapable of ADCP in contrast to their counter-
parts differentiated with M-CSF. Activation with IFN-y and LPS enhanced the phagocytic
capacity of GM-CSF-differentiated macrophages, particularly when cells were treated
with rituximab plus LILRB1 and CD47 co-blockade. Enhancement of phagocytosis upon
exposure to IFN-y and LPS was also observed in M-CSF-treated macrophages, which
were in general superior to the macrophage populations differentiated with GM-CSF.
Importantly, irrespective of M-CSF or GM-CSF pre-treatment, the highest phagocytic
index values were achieved when LILRB1-IgGa, CD47-lgGo and rituximab were applied

together.
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Figure 34: Influence of macrophage activation on ADCP of B-NHL cells upon antibody treatment.
Monocytes were differentiated to macrophages under exposure to either M-CSF or GM-CSF for six days.
Cells then either remained untreated to become MO macrophages (left graph; n = 5) or were activated with
IFN-y and LPS to acquire an M1 phenotype (right graph; n = 4). The different macrophage preparations were
then employed as effector cells in two-hour fluorescence microscopy phagocytosis experiments with CFSE-
labeled Carnaval cells (E:T cell ratio: 1:2) under treatment with the indicated antibodies/antibody combi-
nations (each antibody applied at 10 ug/ml). Data points represent the calculated phagocytic index values
for macrophage preparations derived from different donors. Horizonal lines indicate mean values + SD (¥, P
<0.05; **, P <£0.01; ***, P £ 0.001; ns, not significant; two-way ANOVA and Fisher's LSD test; w/o, without
antibody; RTX, rituximab; CD47, CD47-1gGo; LILRB1, LILRB1-IgGo; IgG1, trastuzumab; IgGo, HER2-
IgGo). Results were published (Zeller et al., 2022).

3.6.7 Kinetics of ADCP of Lymphoma Cells by Differentially Polarized
Macrophages

Furthermore, the beneficial effect of LILRB1 antibody blockade on the phagocytosis by
M1 or M2c macrophages was confirmed in live cell imaging phagocytosis assays with
DG-75 cells (figure 35). Experiments revealed slightly enhanced phagocytosis by M2c
and MO macrophages upon the dual treatment with rituximab and CD47-IgGo in
comparison to the control group. A similar trend was observed with M1 macrophages,
however, statistical significance was not reached. Importantly, in line with the findings in
fluorescence microscopy-based phagocytosis assays, the presence of LILRB1-IgGo
alongside CD47-IgGo and rituximab significantly enhanced the engulfment of DG-75
cells regardless of the macrophage polarization state. Interestingly, the kinetics of
phagocytosis differed between differentially polarized macrophages. ADCP by M2c or
MO macrophages occurred quickly and peaked after 2 h (M0) or 2.5 h (M2c). In contrast,
ADCP in experiments with M1 macrophages increased slower and reached the
maximum value after 3 h. In general, the maximum red object count per image upon
treatment with rituximab plus LILRB1/CD47 co-inhibition was detected in experiments
with M2c macrophages as effector cells. In accordance with previous results, rituximab
combined with LILRB1-IgGo alone, as well as treatment with LILRB2-lgGo did not
enhance ADCP.
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Figure 35: Kinetics of ADCP by polarized macrophages upon antibody treatment. Monocytes were
differentiated to MO, M1 and M2c macrophages in parallel (n = 6) and employed as effector cells in live cell
imaging assays with pHrodo® Red-labeled DG-75 cells as targets (E:T cell ratio: 1:2). Cells were co-incuba-
ted under antibody treatment (each applied at 10 pg/ml) with rituximab (RTX), CD47-IgGo (CD47) or both
together combined with LILRB1-IgGo (LILRB1; top row) or LILRB2-IgGo (LILRBZ2; boftom row). HER2-lgGo
(IgGo) served as control. Data points show mean values + SD of red object count per image of individual
experiments (w/o, without antibody). Statistically significant differences (P < 0.05) between the treatment
groups RTX vs. RTX/CD47-1gGo (#) and RTX/CD47-19Go/LILRB1-IgGo vs. RTX/CD47-1IgGo (*) are marked
(two-way ANOVA and Fisher’s LSD test). Results were published (Zeller et al., 2022).

3.7 Efficacy of LILRB1-lgGo and LILRB2-lgGo in Enhancing
ADCP of Patient-Derived Lymphoma Cells

LILRB1-IgGo was found to enhance the phagocytosis of various lymphoma cell lines by
non-polarized and by polarized macrophages, as well as to promote the serial engulf-
ment of lymphoma cells by individual macrophages. Yet, cell lines do not adequately
mirror the complex functional and morphological characteristics of the disease in
patients. To address the greater complexity and clinical heterogeneity in patients, cancer
cells were prepared from peripheral blood samples of MCL or CLL patients. In an initial
experiment using CLL cells from one randomly selected patient, enhanced rituximab-
mediated ADCP under LILRB1/CD47 co-blockade was observed (figure 36). The patient-
derived CLL and MCL cells were then analyzed for surface antigen expression and
employed as target cells in further ADCP experiments to determine the effect of HLA

class | receptor antibody blockade.
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Figure 36: Fluorescence microscopy images of improved ADCP of CLL cells from patients by co-
blockade of CD47 and LILRB1. Patient-derived CLL cells (sample CLL_05) were labeled with CFSE and
co-cultured with MO macrophages stained with Cell Brite™ Orange cytoplasmic membrane dye in an E:T
cell ratio of 1:2 and 10 pg/ml of rituximab (RTX) alone, RTX plus CD47-IgGo (CD47) or RTX plus both CD47-
IgGo and LILRB1-lgGo (LILRB1; w/o, without antibody treatment). Nuclei were stained with NucBlue™.
Phagocytosis was assessed via fluorescence microscopy after 2h and cells were imaged. The left panel
column shows microscope composite images of the red, green and blue channels. The second, third and
fourth panel columns show the same section of the slide in the red, green and blue channels, respectively.
Results were published (Zeller et al., 2022).

3.71 Expression of CD20, CD47 and HLA Class | by Patient-Derived
Lymphoma Cells

The patient-derived CLL and MCL cells were immunolabeled with antibodies against
CD47, classical HLA class | molecules, HLA-G and CD20 (figure 37A). Antigen expres-
sion level analysis by calibrated flow cytometry revealed that all twelve CLL samples
expressed the rituximab target CD20 and the SIRPa ligand CD47 at comparable levels
(figure 37B). Higher expression levels and greater heterogeneity were found for the
display of classical HLA-A, -B and -C molecules among the analyzed CLL samples. HLA-
G was hardly detectable. Similar results were found for the expression of CD47 and
classical HLA-A, -B and -C molecules, as well as the non-classical HLA-G in the two
analyzed patient-derived MCL samples (figure 37A). Interestingly, the expression levels
of CD20 differed between the two MCL samples. Whereas MCL_01 displayed a similar
amount of CD20 (SABC = 24,000) as found in patient-derived CLL samples, notably
higher CD20 expression was detected on MCL_02 cells (SABC = 160,000).
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Figure 37: Expression of cell surface antigens on patient-derived CLL and MCL cells. The extent of
CD47, HLA-A,-B,-C, HLA-G and CD20 expression on patient-derived cancer cells was determined by
staining the cells with PE-conjugated antibodies specific for the indicated antigen (grey shaded peaks) or an
isotype control antibody (black outlined peaks). Antibody binding was measured by flow cytometry. (A)
Shown are representative results for one patient-derived CLL sample (CLL_03; upper row) and the two
patient-derived MCL samples MCL_01 (middle row) and MCL_02 (lower row). (B) Additionally, for the
patient-derived CLL samples specific antibody binding capacities (SABC) were determined via calibrated
flow cytometry. Data points represent the SABCs for individual CLL patient samples. Horizonal lines indicate
mean SABC = SD (***, P < 0.001; ns, not significant; one-way ANOVA with Tukey’s multiple comparison
test). Results were published (Zeller et al., 2022).

3.7.2 ADCP of Patient-Derived Chronic Lymphocytic Leukemia Cells

To determine, whether the abrogation of LILRB1 or LILRBZ2 signaling in macrophages is
effective to also promote the engulfment of patient-derived lymphoma cells, antibody
treatment combinations of rituximab, CD47-19Go, LILRB1-IgGo and LILRB2-IgGo were
applied to CLL cells enriched from the peripheral blood of patients and MO macrophages
and the phagocytosis was determined via fluorescence microscopy (figure 38). Com-
bining rituximab with CD47-IgGo led to enhanced phagocytosis of CLL cells in the
majority of the analyzed patient samples. However, in individual patient samples, such
as CLL_04 and CLL_10, antibody blockade of CD47 was insufficient to improve
phagocytosis, even though reasonable expression of CD20 and CD47 in both samples
was confirmed in earlier experiments (figure 37). Remarkably, in all analyzed CLL patient
samples the highest phagocytic index values were achieved when rituximab and CD47-
IgGo treatment was combined with LILRB1-IgGao, even in CLL samples in which CD47-

IgGo was not effective to enhance rituximab-mediated phagocytosis when applied alone.
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Figure 38: ADCP of individual patient-derived CLL cells upon CD47 and LILRB1 co-blockade. CFSE-
labeled, patient-derived CLL cells were analyzed as target cells for MO macrophages (E:T cell ratio: 1:2) in
ADCP assays under treatment with 10 pg/ml of rituximab (RTX), CD47-lgGo (CD47), LILRB1-IgGo
(LILRB1), LILRB2-IgGo (LILRB2) or their combinations (w/o, without antibody treatment). Trastuzumab
(IgG1) and HER2-1gGo (IgGo) served as controls. Phagocytosis was determined after 2 h via fluorescence
microscopy and phagocytic index values were calculated. Bars show mean phagocytic index values + SD
from two (CLL_10) or three (all other samples) independent experiments with individual preparations of
macrophages. Results were published (Zeller et al., 2022).

To confirm statistical significance between the results achieved with different
antibodies/antibody combinations, sample group analysis was performed (figure 39). In
line with the previous findings, LILRB1-IgGo further enhanced the rituximab-mediated

phagocytosis of patient-derived CLL cells when combined with CD47-IgGo. Treatment
with LILRB2-IgGo was not effective.
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Phagocytic index

Figure 39: Sample group analysis of ADCP of patient-derived CLL cells. Shown is the group analysis
of phagocytosis experiments with cancer cells derived from 12 individual CLL patients and MO macrophages.
Data points represent mean phagocytic index values calculated from the results of ADCP experiments with
the individual patient samples shown in figure 38. Bars represent overall mean phagocytic index values +
SD (**, P £0.01; ***, P £0.001; ns, not significant; one-way ANOVA with Sidak’s multiple comparisons test;
w/o, without added antibody; IgG1, trastuzumab; RTX, rituximab; CD47, CD47-IgGo; LILRB1, LILRB1-IgGo;
LILRB2, LILRB2-IgGo; IgGa, HER2-I9Go). Results were published (Zeller et al., 2022).

3.7.3 Serial Phagocytosis of Patient-Derived Chronic Lymphocytic

Leukemia Cells

Further analysis revealed that serial engulfment of cancer cells by individual macropha-
ges also occurred in experiments with patient-derived CLL cells. Again, engulfment of
target cells upon treatment with different antibodies or their combinations was catego-
rized into initial and serial phagocytosis as described above (figure 40). In agreement
with the previous results, particularly treatment with rituximab plus LILRB1 and CD47 co-

blockade resulted in an increased frequency of serial phagocytosis events.
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Figure 40: Serial ADCP of patient-derived CLL cells. LILRB1/CD47 co-inhibition promoted the serial
uptake of CLL cells by individual MO macrophages. Phagocytic events (figure 38) were grouped into uptake
of the first lymphoma cell (initial phagocytosis) or of further lymphoma cells (serial phagocytosis) and are
plotted as proportions of the total phagocytic index values. Bars represent mean values + SEM. Statistically
significant differences in initial (*) and serial (#) phagocytosis event values are marked (P < 0.05; two-way
ANOVA with Tukey’s post hoc test). Results were published (Zeller et al., 2022).
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3.7.4 ADCP of Patient-Derived Mantle Cell Lymphoma Cells

In addition to patient-derived CLL cells, the potential of LILRB1-lgGo to promote the
phagocytosis of MCL cells derived from the peripheral blood of two individual patients
was evaluated (figure 41). As revealed by fluorescence microscopy, rituximab induced
ADCP of both MCL samples by MO macrophages. In experiments with MCL_01 cells as
targets, phagocytosis was enhanced significantly when rituximab was combined with
CD47-1gGo, whereas CD47-IgGo was not effective with MCL_02 cells as targets.
Importantly, despite the resistance of MCL_2 cells to CD47 inhibition, dual LILRB1/CD47
checkpoint inhibition significantly further promoted the rituximab-mediated phagocytosis

of both patient-derived MCL samples.
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Figure 41: ADCP of MCL cells from patients upon CD47 and LILRB1 co-blockade. CFSE-labeled MCL
cells derived from two patients (MCL_01, n = 3; and MCL_02, n = 6) were analyzed for phagocytosis by MO
macrophages (E:T cell ratio: 1:2) via fluorescence microscopy when no antibodies (w/0), rituximab (RTX),
CD47-1gGo (CDA47), LILRB1-IgGo (LILRB1) or combinations of antibodies were present (antibodies applied
at 10 pg/ml each). Phagocytosis was determined after 2 h and phagocytic index values were calculated.
Trastuzumab (IgG1) and HER2-IgGo (IgGo) were employed as controls. Bars represent mean phagocytic
index values + SD determined for preparations of macrophages from individual donors. Statistically
significant differences are marked (**, P <0.01; ***, P < 0.001; ns, not significant; one-way ANOVA with
Fisher's LSD test). Results were published (Zeller et al., 2022).
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4. Discussion

Investigations in a B-NHL cell line system for the sensitivity to macrophage phagocytosis
revealed a positive correlation between the CD20-to-HLA class | expression ratio and
the magnitude of ADCP induced by rituximab and an Fc-silent variant of the CD47
antibody magrolimab. To determine the effect of masking the HLA class | receptors
LILRB1 and LILRB2 on the ADCP of B-NHL cells by macrophages, Fc-silent antibodies
against either LILRB1 or LILRBZ2 with abrogated FcyR binding were generated, charac-
terized for purity, integrity, binding selectivity and their ability to block ligand interaction.
The antibodies were then evaluated for their potential to promote the CD20 antibody-
mediated ADCP of B-NHL cells with or without co-application of CD47-lgGo. Whereas
LILRB2-IgGo was ineffective, LILRB1-IgGo notably promoted the ADCP of B-NHL cells,
yet strictly needed the co-inhibition of CD47 and the co-application of a tumor targeting
CD20 antibody bearing a functional Fc domain to unfold its effect. Thus, immune
checkpoint co-inhibition of LILRB1 and CD47 potentiated the phagocytosis when
combined with different CD20-directed antibodies including rituximab, a variant of
rituximab Fc-engineered for improved affinity for activating FcyR, as well as an IgA2
isotype switch variant of rituximab. In addition, LILRB1-IgGo promoted the serial uptake
of cancer cells by individual macrophages. Importantly, LILRB1 antibody blockade
demonstrated efficacy not only in B-NHL cell lines, but also considerably enhanced the
phagocytosis of freshly isolated CLL and MCL cells from patients.

Antibody blockade of adaptive immune checkpoints, such as PD-1, its ligand PD-L1 or
CTLA-4, to establish T cell immunity has become an indispensable element of cancer
immunotherapy (Wei et al., 2018, Chen and Mellman, 2013). Promising responses were
observed particularly in solid cancers, including malignant melanoma, RCC and NSCLC
(Seidel et al., 2018). However, in the treatment of B-lineage lymphomas the clinical
benefit of disrupting the PD-1:PD-L1 axis differs substantially by the lymphoma subtype.
Encouraging results were obtained in classical Hodgkin‘s lymphoma, in which response
rates exceeded 70% (Ansell, 2021, Ansell et al., 2015). Unfortunately, the response rates
to T cell-directed immune checkpoint therapies do not translate to most entities of B-
NHLs, as demonstrated for DLBCL, follicular lymphoma and CLL (Ansell, 2021, Armand
et al.,, 2021). Application of the anti-PD-1 antibody nivolumab, for instance, was not
efficient in relapsed or refractory DLBCL leading to response rates of only 10% in a phase
I trial (Ansell et al., 2019). Also, even though some clinical activity of the anti-PD-1
antibody pembrolizumab was observed in patients with CLL and Richter transformation,
the antibody was not efficient in patients with relapsed CLL (Ding et al., 2017). Limitations

arise particularly when an immunosuppressive microenvironment that promotes tumor
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progression evolves within tumors and reprograms immune cells into pro-tumorigenic
states or when cancer cells lack immunogenicity. In this regard, immune checkpoint
inhibition in macrophages, which are critically involved in the formation and maintenance
of the immune hostile TME, yet also possess the ability to recognize cancer cells and
eliminate them directly through phagocytosis, may display an interesting alternative
(Lentz et al., 2021, Demaria et al., 2019). For instance, impressive clinical results were
obtained in B-NHL patients by combining rituximab treatment with antibody blockade of
CD47, the ligand of the myeloid inhibitory receptor SIRPa (Advani et al., 2018).

4.1 Further Critical Factors Affecting ADCP

As revealed in this thesis, the application of blocking anti-LILRB1 antibodies along with
CD47 inhibition holds the potential to further promote macrophage ADCP of B-NHL cells
by CD20 antibodies. Interestingly, even upon blocking both immune checkpoints
reasonable differences in the efficacy of this antibody combination were noticed between
different B-NHL cell lines. In Carnaval and MEC2 cells, concomitant LILRB1 antibody
blockade mediated an approx. 1.5-fold improvement in ADCP compared to treatment
with rituximab and CD47 blockade only, whereas DG-75 cells were found to be notably
more resistant to rituximab-induced ADCP. Even upon blockade of CD47 ADCP was
comparably low. However, in these cells LILRB1-IgGo potentiated the phagocytosis by
more than a factor of four (figure 21, figure 22).

Additionally, the different cell lines analyzed in this study varied remarkably in the overall
phagocytosis rates achieved by LILRB1 and CD47 co-blockade. The mean phagocytic
index values ranged from around 20 (DG-75 cells) to nearly 150 (Carnaval cells). Of
note, considerable variation in the overall magnitude of mean phagocytic index values,
as well as in the fold improvement of ADCP mediated by LILRB1-lgGo, was also found
between individual patient-derived CLL cell samples. These observations may mirror the
sophisticated regulation of phagocytosis, which is subject to the cooperation of numerous
stimulatory and inhibitory receptors. Besides CD47 and HLA class |, several cancer cell-
expressed antigens have been demonstrated to confer protection from phagocytosis.
For instance, roles as ‘Don’t Eat Me!’ signals were unraveled for PD-L1, CD24, adipocyte
plasma membrane-associated protein and signaling lymphocytic activation molecule
(SLAM) family members. On the other side, inhibitory checkpoint functions in
macrophages were unraveled for PD-1, multiple Siglecs and SLAM family receptors
(Feng et al., 2019, Barkal et al., 2019, Kamber et al., 2021, Li et al., 2022). Such
receptors on macrophages may cooperate with SIRPa and LILRB1 in the inhibition of

the phagocytosis of lymphoma cells and differences in the expression levels of their
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ligands may contribute to reduce the susceptibility of individual phenotypes of lymphoma
cells for ADCP, as observed for instance for DG-75 cells or cell samples of individual
CLL patients. Interference with these signaling pathways may thus hold the potential to
achieve additional improvements. Moreover, the expression of ,Eat Me!‘ signals in cancer
cells, such as calreticulin or SLAM family member 7 (SLAMF7), and the activation of the
cognate pro-phagocytic molecules on macrophages including prolow-density lipoprotein
receptor-related protein 1 (LRP1) and macrophage-1 antigen (MAC1), as well as the
activating macrophage receptors CD137 and CD11b may play a role in the regulation of
the phagocytosis of lymphoma cells (Feng et al., 2019, Stoll et al., 2021, Chen et al.,
2017). However, the involvement of SLAMF7 in the phagocytosis of malignant cells is
currently discussed controversially and conflicting data exists concerning the impact of
its expression on CD47 antibody-mediated phagocytosis (Chen et al., 2017, He et al.,
2019). Moreover, also cellular attributes of the target cells, such as their size, shape or
rigidity may influence the susceptibility to macrophage phagocytosis (Sosale et al.,
2015).

4.2 Requirement of CD47 Co-Blockade and the Presence of
FcyR Activation for the Efficacy of Anti-LILRB1 Antibodies

It was observed that LILRB1-IgGao required the concurrent disruption of the SIRPa:CD47
axis to enhance CD20 antibody-mediated ADCP. This finding suggests that inhibitory
SIRPa signaling holds a dominant role in the regulation of phagocytosis. SIRPa and
LILRB1 share several similarities in their overall structure. They both recognize their
ligands through Ig-like domains in their extracellular portions and upon ligation transduce
an inhibitory signal via the phosphorylation of ITIMs in their intracellular domains, which
results in the recruitment and activation of the SH2-domain-containing protein tyrosine
phosphatases SHP-1 and SHP-2 (Fanger et al., 1998, Ketroussi et al., 2011, Logtenberg
et al., 2020). SIRPa signaling hampers phagocytosis by interfering with the interaction of
macrophages and target cells. Non-ligated SIRPa is excluded from the phagocytic
synapse, the contact zone between phagocyte receptors and their target structure. CD47
ligation re-localizes SIRPa to the phagocytic synapse and its activation inhibits the
activation of integrins, which are necessary for efficient cell spreading and engulfment
(Morrissey et al., 2020). SIRPa signaling furthermore impairs cytoskeletal remodeling
through the dephosphorylation of myosin IIA. Moreover, SIRPa has been demonstrated
to counteract activating signals in myeloid cells, for instance through the
dephosphorylation of ITAMs and thus the inactivation of FcRs (Tsai and Discher, 2008,
Suter et al., 2021, Logtenberg et al., 2020). Particularly the latter finding may explain the
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direct inhibitory influence of CD47 during therapy with tumor targeting antibodies. Co-
ligation of LILRB1 and the activating FcyRI has been demonstrated to reduce the
mobilization of intracellular Ca**, however, the distinct molecular mechanism by which
LILRB1 signaling interferes with the phagocytosis of cancer cells by macrophages
remains to be elucidated (Fanger et al., 1998). Also, whether differences between the
signaling pathways of SIRPa and LILRB1 exist that result in the inhibition of the
phagocytosis process at different phases and thus contribute to the dominant role of
SIRPa has not yet been clarified.

Importantly, even the simultaneous application of both CD47-IgGo and LILRB1-IgGo did
not induce phagocytosis in the absence of the cancer cell-binding CD20 antibody with a
competent Fc domain in vitro. Consequently, upon the use of an Fc-silent antibody
format for dual LILRB1/CD47 immune checkpoint inhibition, the specificity for the
elimination of target cells is not only maintained, but may precisely be pre-defined by the
specificity of the FcR-engaging, tumor targeting antibody. This antibody is needed to
provide an activating signal by FcR stimulation. As indicated by the obtained
experimental results, the combination partner can be a native IgG1 antibody, an Fc-
engineered IgG1-derivative or an IgA2 antibody. Likely, also other antibody isotypes or
bispecific antibodies engaging FCR may be suitable.

The dependency of LILRB1 and CD47 co-blockade on FcR-engagement to promote
phagocytosis may be related to different reasons. Since the macrophage phagocytosis
of malignant cells is regulated by an equilibrium of pro- and anti-phagocytic signaling,
even the abrogation of both SIRPa and LILRB1 signaling may be insufficient to shift the
balance towards pro-phagocytic signaling to induce the engulfment of lymphoma cells.
However, an IgG4 version of the antibody clone used for the generation of CD47-IgGo
bearing a functional Fc domain has been demonstrated to induce macrophage
phagocytosis as a single agent and when combined with LILRB1-blocking antibodies
without requiring further activating signals to become effective (Liu et al., 2015a, Barkal
et al., 2018). It thus appears more likely that the abrogation of FcyR binding in CD47-
IgGo is responsible for the observed dependency on FcR-engagement by a tumor
targeting antibody in the approach pursued here. Interestingly, improving FcyR activation
by pairing CD47-IgGo and LILRB1-IgGo with an optimized rituximab variant resulted in
further enhanced phagocytosis (figure 28).

For immune checkpoint blockade, Fc-silent antibodies, which lack the ability to recruit
immune effector cells, may furthermore hold the potential to reduce on-target toxicity.
Indeed, the regulatory role of CD47 was initially discovered, when red blood cells (RBC)

of CD477" mice lacking CD47 expression were found to be rapidly cleared from the
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bloodstream through phagocytosis by macrophages when transferred to wild-type mice,
whereas normal CD47-expressing RBC were spared (Oldenborg et al., 2000). Since
CD47 expression in RBC gradually decreases with their age, it is considered an
important cell surface marker of RBC turnover. The involvement of CD47 in the
regulation of homeostatic clearance of aging RBC, as well as its ubiquitous expression
also in healthy tissues remains a serious concern in CD47-directed therapies. Even upon
the use of antibody formats with decreased ability to mediate Fc-dependent effector
mechanisms, such as the 1gG4 antibody magrolimab, blocking CD47 may lead to
increased RBC clearance and hemolysis (Advani et al., 2018). Concerning this issue,
CD47 antibodies unable to interact with FcyRs, such as CD47-IgGo, may represent a
superior alternative antibody format, as they provide pure receptor blockade without
mediating indirect cytotoxic or phagocytic effects towards the target cell on their own.
Instead, they rely on an additional activating stimulus, such as fully functional tumor
targeting antibodies, to initiate target cell elimination by macrophages.

The engagement of FcRs during CD47 antibody therapy may also be of clinical
relevance. It was recently announced that the clinical trials exploring the efficacy of
magrolimab combined with azacitidine in myelodysplastic syndrome (MDS) patients or
together with azacitidine and venetoclax in AML patients have been discontinued due to
futility and increased risk of death. However, when combined with rituximab, magrolimab
showed promising activity in B-NHL patients (Advani et al., 2018). Since in human
macrophages Fc-FcyR interactions have been demonstrated to be necessary for CD47
antibodies to become effective, CD47 blockade may require the additional engagement
of FcRs to become effective in patients, for instance through combination with tumor
targeting antibodies for enhanced effector cell recruitment (Jain et al., 2019). However,
in the treatment of AML conventional IgG1 antibodies have still not been approved and

therefore combination studies are difficult to realize.

4.3 Inability of LILRB2-lgGo to Promote Phagocytosis

In contrast to the antibody blockade of LILRB1, LILRB2-IgGo did not enhance the pha-
gocytosis of lymphoma cells, even when combined with CD47 co-blockade and CD20
antibodies. Although both LILRB1 and LILRB2 are closely related in many aspects,
differences exist between the two receptors and different roles in immunity have been
described. Both LILRB1 and LILRBZ2 interact with HLA class | molecules on cancer cells
and mediate inhibitory signaling through ITIMs in their intracellular portions. However,
structural differences between the receptors exist concerning the binding of HLA mole-

cules. Thus, LILRB1 recognizes only HLA class | complexed with 2m, whereas LILRB2
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binds B2m-free variants as well (Jones et al., 2011, Shiroishi et al., 2006b). Additionally,
different affinities of LILRB1 and LILRB2 to individual HLA alleles have been described
(Shiroishi et al., 2006b). Indeed, in own experiments weaker binding of randomly chosen
soluble HLA molecules to LILRB2-transfected CHO-K1 cells was detected in comparison
to the LILRB1-expressing counterparts, which may reflect the previously reported
differences in affinity. Furthermore, inhibitory signaling by LILRB1 and LILRB2 differs in
that LILRB1 possesses four intracellular ITIM or ITIM-like sequences, whereas LILRB2
contains only three. This difference may result in reduced potency of LILRB2 to suppress
effector cell functions and thus the receptor may play an inferior role. Yet, engagement
of LILRB2, similar to LILRB1 ligation, has been demonstrated to inhibit FcyR signaling
and thus to contribute to the down-modulation of effector cell activation (Fanger et al.,
1998). Yet, the abrogation of LILRB2 signaling has been suggested not to influence
phagocytosis of solid cancer cell lines by macrophages (Barkal et al., 2018). However,
in this individual study considerably lower expression levels of LILRB2 compared to
LILRB1 were detected in human macrophages. In contrast, other studies reported similar
expression levels of LILRB1 and LILRB2 for peripheral monocytes (Fanger et al., 1998)
and in flow cytometry assays performed in the context of this thesis, macrophages
generated ex vivo from peripheral blood monocytes displayed LILRB2 at similar levels
as LILRB1 (figure 13). Concerning the individual anti-LILRB2 antibody employed here,
LILRB2-IgGo was monomeric in solution, displayed a selective mode of binding to
LILRB2 and effectively blocked receptor interaction with HLA class | molecules, which is
consistent with previous results for the antibody clone the sequences were derived from
(Cohen et al., 2020). The observed differences between LILRB1-lgGo and LILRB2-IgGo
in the ability to enhance the phagocytosis of lymphoma cells may thus be related to the
quality of receptor-ligand interaction, differing affinities for HLA class | and the potency
of the respective receptor’s intracellular signaling. Furthermore, it has not been ruled out
with certainty that the particular anti-LILRB2 antibody used here may also function in an
agonistic way and facilitated the activation of LILRB2 downstream pathways concurrently
to the prevention of ligand-binding. It also is conceivable that in the situation of LILRB1
and LILRB2 competing for binding to HLA class I, LILRB2 antibody blockade shifted the
balance towards LILRB1-engagement and thus the effect of disrupting inhibitory LILRB2

signaling was abrogated by the more dominant suppressive influence of LILRB1.
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4.4 Anti-Cancer Effects of LILRB Blockade in Different

Immune Effector Cells

Antibody co-masking of LILRB1 and CD47 has demonstrated efficacy to promote ADCP
in combination with different CD20-specific IgG antibodies. Thus, enhanced phago-
cytosis of lymphoma cells was found for combinations with the native IgG1 antibody
rituximab, its Fc protein-engineered variant RTX-DE and when applied with the Fc glyco-
engineered obinutuzumab (Zeller et al., 2022). Moreover, LILRB1/CD47 co-inhibition
enhanced the phagocytosis when combined with an IgA2 version of rituximab (figure 24).
Although most therapeutic antibodies are IgG, the IgA isotype may reflect a promising
alternative format for cancer immunotherapeutics. Therapeutic IgG molecules are
chosen mainly for their high capability to recruit NK cells, macrophages and to trigger
CDC. However, through the activation of FcaRI IgA antibodies are also capable of
engaging myeloid effector cells, including monocytes, macrophages and neutrophil
granulocytes. Additionally, employing IgA antibodies circumvents activation of inhibitory
FcyRIIB expressed by myeloid cells, which dampens stimulatory signaling by activating
FcyR. In neutrophils, IgA antibodies are even more effective than IgG antibodies (Evers
et al., 2020).

Macrophage ADCP of lymphoma cells, as well as ADCC of lymphoma cells by neutrophil
granulocytes mediated by CD20 IgA antibodies can significantly be enhanced by the
cognate presence of CD47 blocking antibodies (Evers et al., 2021). As revealed here,
the additional co-inhibition of LILRB1 demonstrated efficacy to further promote the IgA
antibody-mediated phagocytosis of lymphoma cells. Hence, it can be concluded that also
LILRB1 interferes with FcaRlI signaling in macrophages.

Of note, co-application of LILRB1-IgGo and CD47-IgGo also improved ADCP by tumor
targeting antibodies specific for other antigens than CD20. It has recently been
demonstrated that the antibody combination enhances the phagocytosis of T-ALL cells
mediated by the CD38 antibody daratumumab in vitro (Zeller et al., 2023a, Zeller et al.,
2024). Thus, the approach of LILRB1/CD47 co-inhibition may be efficient also in further
types of cancer.

In addition to enhancing macrophage phagocytosis of solid cancer and lymphoma cells,
LILRB1-directed antibodies may mediate further effector functions. Both gene knockout
of LILRB1 and treatment with anti-LILRB2 antibodies were found to alter the polarization
state of macrophages towards an inflammatory, M1-like phenotype (Barkal et al., 2018,
Chen et al., 2018). Thus, also anti-LILRB1 antibodies may exert this effect and the
antibody blockade of LILRB1 may modulate TAMs or myeloid derived suppressor cells

and contribute to revert immune suppression in the TME. Furthermore, besides dendritic
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cells and B cells macrophages are professional antigen-presenting cells. The opti-
mization of the phagocytosis of cancer cells may result in increased presentation of
tumor antigens and thus initiate T cell anti-cancer immunity (Feng et al., 2019). In murine
models of colon cancer and B cell lymphoma, treatment with CD47-specific antibodies
resulted in tumor antigen-specific T cell responses (Liu et al., 2015b). However, whether
also LILRB1 blockade holds the potential to promote adaptive T cell immunity is currently
not known and will require further studies.

Like ex vivo generated macrophages, also lymphoma-associated macrophages (LAM)
isolated from the bone marrow (BM) of DLBCL patients with BM infiltration were found
to pronouncedly express LILRB1 (Zeller et al., 2022). Interestingly, when LILRB1
expression levels were compared to macrophages derived from the BM of DLBCL
patients without BM infiltration, a tendency towards enhanced expression of LILRB1 in
LAMs was observed. However, statistical significance for this observation was not
reached. Importantly, LILRB1 blockade was also efficient in LAMs and significantly
enhanced the phagocytosis of lymphoma cells when combined with CD47 antibodies
and rituximab (Zeller et al., 2022).

Expression of the HLA receptors LILRB1 and LILRB2 is found also in other populations
of immune cells. For instance, certain CD8" T cells, as well as certain NK cells carry
LILRB1. LILRB1 expression in NK cells varies substantially between individuals and is
elevated in peripheral blood CD56%™ NK cells, which also express FcyRIIIA, compared
to CD56°"" NK cells, which do not express FcyRIIIA (Colonna et al., 1997, Morandi et
al., 2011). Moreover, LILRB1 is found on terminally differentiated NK cells and virus-
induced, adaptive NK cells (Freud et al., 2017, Beziat et al., 2010, Peppa et al., 2018,
Muntasell et al., 2016). In NK cells, LILRB1 blockade has been revealed to enhance both
natural cytotoxicity and ADCC. Thus, antibody blockade of LILRB1 promoted NK cell
cytotoxicity towards CLL cells, especially when paired with the immunomodulator
lenalidomide (Villa-Alvarez et al., 2018). Also, anti-LILRB1 antibodies potentiated NK
cell-mediated killing of glioblastoma cells and this effect was further enhanced in the
presence of the cytostatic drug temozolomide (Lorenzo-Herrero et al., 2023). LILRB1
has furthermore been demonstrated to interfere with cetuximab-mediated ADCC by NK
cells (Roberti et al., 2015). Thus, LILRB1 antibody blockade promoted lysis and restored
the deficient ADCC of triple-negative breast cancer cells by cetuximab. Since activated
NK cells were shown to also express SIRPa upon stimulation with IL-2, LILRB1/CD47
co-inhibition may allow to further promote NK cell-mediated ADCC (Deuse et al., 2021).
Among CD8" T cells, LILRB1 is predominantly found on terminally differentiated effector

memory T cells re-expressing CD45RA (Temra), which exert high cytotoxicity and are of
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great relevance as effector cells for CD3 bispecific antibodies, as well as on certain
effector memory T cells (Tem) (Kim et al., 2019). Antibody blockade of LILRB1 augmented
T cell activation and promoted T cell cytotoxicity by a bispecific [anti-MART-1 x CD3]
antibody towards malignant melanoma cells through interfering with the recognition of
HLA-G by LILRB1 (Mandel et al., 2022, Kim et al., 2019). Thus, LILRB1-blocking
antibodies not only enhance phagocytosis by macrophages, but also promote cancer
cell lysis by cytotoxic lymphocytes.

Investigations for the expression of LILRB1 in neutrophil granulocytes revealed contra-
dictory results. While some LILRB1-directed antibody clones displayed binding to neutro-
phil granulocytes, other antibody clones, including the clone GHI/75 LILRB1-IgGo was
derived from, did not (Tedla et al., 2003, Pulford et al., 1991). However, several studies
have confirmed LILRB2 to be expressed on neutrophil granulocytes (Baudhuin et al.,
2013, Bankey et al., 2010). Furthermore, disruption of the CD47:SIRPa axis enhanced
ADCC and trogoptosis by neutrophil granulocytes (Matlung et al., 2018). Thus, although
LILRB2-IgGo was not efficient in macrophages to enhance the phagocytosis of
lymphoma cells, it may be worth evaluating LILRB2 blockade or even the co-inhibition of

LILRB2 and CD47 in neutrophil granulocytes.

4.5 Challenges in the Development of LILRB1-Directed
Antibodies and Potential Pitfalls in their Application

The further investigation of LILRB1 and CD47 co-blockade towards clinical application
will require studies in animal models. However, several aspects make the evaluation of
this approach a challenging issue in mice. The expression of LILRB1 is restricted to
humans and primates (Storm et al., 2021). Analogous to LILRB1 in humans, the murine
receptor orthologue PirB binds major histocompatibility complex class | molecules with
a broad specificity and also interacts with 32m, suggesting an involvement of f2m as a
contact site between receptor and ligand (Nakamura et al., 2004, Takai, 2005). However,
PirB does not recognize human complexes of HLA and 2m. The species-specific mode
of binding has been suggested to be mediated by differences between murine and
human 2m (Barkal et al., 2018). Since murine 2m has proven incapable of forming
stable complexes with HLA a-chains, the generation of chimeric f2m, in which the
human B2m is modified by replacing the human sequences against the corresponding
murine amino acid sequence only within the LILRB1 contact site has been suggested as
a potential solution (Barkal et al., 2018). Another potential opportunity could be the
generation of LILRB1 transgenic mice. LILRB1 knock-in mice with sufficient LILRB1

expression levels have already been described, yet, immune competent mice were used
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in this study (Belkin et al., 2003). However, to study the role of LILRB1 in the
phagocytosis of lymphoma cells, engraftment of human cancer cells is necessary, which
requires immune deficient mice. A further solution to overcome species-specific
recognition of cancer cell-expressed HLA molecules could be the use of humanized
mice, in which human CD34" progenitor cells are transplanted to establish human
leukocytes (Stripecke et al., 2020). Yet, the recognition of human cancer cells by human
leukocytes may interfere with the co-engraftment of cancer cells in such mice, which may
make partial matching of HLA alleles necessary. Furthermore, the differences between
co-existing human and murine macrophages may be challenging. Human macrophages
are responsive to both CD47 and LILRB1 antibody blockade. In contrast, murine
macrophages lack expression of LILRB1. Thus, due to the ligation of human CD47 by
murine SIRPa, only CD47-, but not LILRB1-directed antibodies will exert effects (Barkal
et al., 2018). Moreover, murine macrophages are more susceptible to CD47 antibody
blockade. Whereas here, Fc-silent, LILRB1- or CD47-specific antibodies strictly required
the presence of an activating signal to become effective, Fc-silent CD47 antibodies were
found to prolong survival in murine xenograft models of T-ALL and BCP-ALL already
when applied as monotherapy (Muller et al., 2022, Vogiatzi et al., 2020, Schewe et al.,
2024). In vitro, CD47 blockade by Fab fragments was shown to be sufficient to induce
ADCP by murine macrophages, but not by human macrophages, which required FcyR
activation (Jain et al., 2019). These differences may distort results and the differentiation
between effects mediated by human or murine macrophages may only be possible upon
depletion of murine macrophages.

Furthermore, various different hematological and solid cancers express LILRB1 (Kang
et al., 2016) including AML (Kang et al., 2015), certain entities of T cell lymphomas
(Urosevic et al., 2004, Nikolova et al., 2002, Kamarashev et al., 2001), B-lineage
lymphomas and leukemias (Harly et al., 2011, Naji et al., 2012, Lozano et al., 2018),
ovarian cancer (Xu et al., 2023), gastric cancer (Zhang et al., 2012) and RCC (Tronik-Le
Roux et al., 2020). Interestingly, the display of LILRB1 on cancer cells may mediate
opposing effects. For instance, in cutaneous T-cell lymphoma cells, LILRB1 expression
has been demonstrated to confer protection against cell death inducted by CD3/TCR-
mediated activation (Urosevic et al., 2004). On the other hand, several studies revealed
a beneficial role for the expression of LILRB1 in certain types of cancer. For instance, in
neoplastic B cells, LILRB1 signaling impaired cancer cell proliferation and resulted in cell
cycle arrest (Naiji et al., 2012). Furthermore, expression of LILRB1 may even sensitize
cancer cells for elimination by immune cells. Display of LILRB1 on multiple myeloma

cells resulted in enhanced NK cell- and T cell-mediated antitumor activity. Immune
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escape mediated by the loss of LILRB1 expression in multiple myeloma cells was,
among other factors, suggested to be related to engagement of the LILRB1 ligand
S100A9 on NK cells, since the blockade of S100A9 partially abrogated the effect of
LILRB1 overexpression on cytotoxicity (Lozano et al., 2018). Additionally, through the
recognition of HLA molecules on yd T cells, LILRB1 expression in lymphoma cells has
been demonstrated to exert a co-stimulatory function and thus increased the sensitivity
for lysis by certain yd T cells (Harly et al., 2011). Thus, further investigations will be
needed to determine under which circumstances and in which types of cancer the
antibody blockade of LILRB1 is beneficial.

4.6 Perspectives of Inmune Checkpoint Co-Blockade in

Cancer Immunotherapy

Durable response rates were observed upon antibody immune checkpoint blockade of
PD-1 or CTLA-4 in T cells. However, single agent application was found to be effective
only in a fraction of patients (Rotte, 2019). Various approaches are being pursued to
enhance efficacy and to overcome resistance, including combination strategies with
tumor targeting antibodies, chemotherapy or the co-blockade of different immune
checkpoints. Particularly the concurrent masking of PD-1 and CTLA-4 resulted in an
impressive increase in response rates and median survival times in malignant melanoma
(Rotte, 2019). The emerging field of immune checkpoint inhibition in innate immune cells
raises the question about novel potential combination strategies, which may even hold
the potential to stimulate both innate and adaptive immunity simultaneously. For
instance, encouraging pre-clinical results were achieved by combining disruption of the
CD47:SIRPa axis with immune checkpoint blockade in T cells. Thus, the co-treatment
with anti-PD-L1 and CD47 antibodies or a bispecific heterodimer fusion protein of an
anti-PD-L1 antibody and SIRPa inhibited tumor growth of colon carcinoma cells in vivo
(Chen et al., 20213, Liu et al., 2018). Additionally, bispecific anti-CD47-PD-L1 antibodies
and the anti-PD-L1-SIRPa fusion protein displayed enhanced binding selectivity to PD-
L1" CD47" cancer cells and notably reduced binding to CD47-expressing RBC when
compared to CD47 antibodies and SIRPa-Fc-fusion proteins, respectively (Chen et al.,
2021a, Liu et al., 2018). Regarding LILRB1, elevated expression has been suggested to
function as a possible mechanism of resistance in PD-1 immune checkpoint therapy,
since upregulation of LILRB1 protein was found in 48% of malignant melanoma patients
following nivolumab therapy (Mandel et al., 2022). Moreover, as mentioned above,
LILRB1 has not only been found to be a macrophage phagocytosis checkpoint impairing

the engulfment of cancer cells, but also to interfere with the cellular cytotoxicity of certain
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CD8" T cells. Of note, a nonoverlapping expression pattern of LILRB1 and PD-1 was
described across CD8" Temra and Tewm cells and the co-blockade of both receptors may
thus hold the potential to harness both subsets. The analysis of intratumoral CD8" T cells
revealed that in individual RCC patients PD-1" LILRB1- and PD-1" LILRB1* T cells were
present in comparable proportions and the cytotoxic functions of PD-1" LILRB1* T cells
were specifically inhibited by the engagement of HLA-G, rendering them a so far
unexploited population of effector cells in the tumor microenvironment (Barkal et al.,
2018, Mandel et al., 2022, Dumont et al., 2019). Indeed, the release of TNF-a by
autologous MNCs co-cultured with colon cancer cells was promoted synergistically when
anti-PD1 antibodies were combined with anti-LILRB1 antibodies (Mandel et al., 2022).
Furthermore, as demonstrated here for the co-inhibition of LILRB1 and CDA47,
combination strategies of immune checkpoint inhibitors in myeloid cells could display a
promising approach. For instance, a synergistic ADCP-enhancing effect has been
reported for the co-blockade of CD47 and CD24. Masking of both receptors notably
further promoted the phagocytosis of MCL cells by M2-like TAMs compared to single
agent application of CD47 or CD24 antibodies in vitro (Aroldi et al., 2022). Even further
enhancement of ADCP was achieved in this study when the CD47/CD24 co-blockade
was combined with rituximab. Moreover, even though LILRB2-IgGo was not effective in
promoting ADCP of lymphoma cells here, the cognate blockade of LILRB2 in addition to
LILRB1 may be beneficial, as it may allow to relieve immunosuppression in the TME by
modulating TAMs and thus promote the anti-tumor functions of various effector cell
populations.

A potential pitfall in CD47 antibody therapy may originate from antigen sink as a
consequence of the ubiquitous expression of the molecule. However, also anti-SIRPa
antibodies demonstrated efficacy in mediating anti-tumor immunity and may display an
attractive alternative (Abe et al., 2018, Gauttier et al., 2020). Since the simultaneous
inhibition of the SIRPa:CD47 and the LILRB1:HLA axis was effective in enhancing ADCP
of lymphoma cells here, the abrogation of both signaling pathways in macrophages
through bispecific anti-SIRPa-LILRB1 antibodies may be a promising further approach.
The encouraging pre-clinical findings on the effect of LILRB1 blockade have laid the
foundation for first clinical evaluations of LILRB1-targeting agents. Different formats of
therapeutic antibodies or fusion proteins specific for either LILRB1, LILRB1 and LILRB2
or LILRB1, LILRB2 and the KIR KIR3DL1 are currently being evaluated alone or together
with anti-EGFR, anti-PD-1 or anti-CTLA-4 antibodies (Mandel et al., 2022, Udartseva et
al., 2022, Mondal et al., 2021, Belaunzaran et al., 2021). Early findings have been

released for the dose escalation of the single agent application of the antibody clone
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NGM707, which recognizes both LILRB1 and LILRB2, and its combination with
pembrolizumab. As a result, NGM707 was well tolerated when applied alone or in
combination with pembrolizumab and early signs of efficacy were observed (Naing et al.,
2022, Wang et al., 2024). However, current clinical studies are only conducted in patients
with solid tumors.

In conclusion, the pre-clinical results presented in this thesis provide substantial
evidence for in vitro efficacy of the combination of CD20 antibodies with LILRB1 and
CDA47 co-inhibition. Masking of the HLA class | receptor LILRB1 complemented the
blockade of CD47 and the concomitant checkpoint inhibition of LILRB1 and CD47 may
hold the potential to further ameliorate the CD20 antibody therapy of lymphomas.
Consequently, combining tumor targeting antibodies with LILRB1 blockade and CD47-
or SIRPa-directed antibodies is worth further evaluation in vivo in appropriate mouse

xenograft models and development towards clinical application.
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