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Summary

Immune checkpoint inhibitors have revolutionized cancer immunotherapy. The first generation of
immune checkpoint inhibitors approved amenoclonal antibodiesestricted tomolecules onT cells
such ag?D-1/PD-L1 or CTLA-4. Thesenhibitorsare usedor the treament ofalmost half of all cancer
patients in the United States, however more thafo86f the patients remain unresponsive to the
conventionatherapies

Neutrophils arethe most abundant immune cell population in the circulation togkther wih
macrophages, are present in the microenvironment of many cancer types. Myeloid cells in the tumor
microenvironment are mainly suppressive immune cellstheid existence i®ften associated with
cancer progression. For this reason, targeting myelold bgl reversing theirmmunauppressie
featuresmay be beneficialThe CD47 blocking antibodiagrolimabis the first myeloid checkpoint
inhibitor that has been tested in clinical tridowever, regardless of some positive results, recent
clinical trials ofMagrolimab werglaced orhold due to inefficacy compared to standard therapi€els
increased risk fodeath Thus, there is an urgent need to investigate atherune checkpointson
myeloid cellsthat may drive cancer progression.

The sialic acidsalic acid-binding immunoglobulirtype lectin(Sigleg interaction is anew emerging
immune checkpointUpregulation of surface sialic acidn cancer cellsctivates Siglednhibitory
receptors on immune cells and preventsnamuneresponse againstimor cells. There is sufficient
evidence that the sialic aeRiglec interaction is an important immune checkp@n NK and T cells,
butthe knowledge about its involvement in myeloid aekediated tumor cell lysiis still limited. This
study investigates the role of sialic acid in the regulatiantibodydependeninyeloid cell activation
against solid and hematological cancer cells.

Cancer cell lines expressing HER2, EGFR or CD20 antigens were usadaasnodels in this study.

All cell lines showed a high expressiofsialic acid with moréJ 2 , 3  thanlh X lmB#d sialic acid.

As a stratey to reduce the sialic acid amount on the cancer ,cells neuraminidases and a
sialyltransferase inhibitor wetesed and the effects on tumor cell lysis rates weatyzedThe presence

of dalic acidturned outo inhibit antibodydependentellular phagocytosis by macrophaggsDCP)

and to diminish antibodgependentellular cytotoxicity mediated by neutrophifADCC). In vivqg
breasttancer cells lacking sialic acid were eradicated more efficiently comparedttolcells in mice
treated wih different EGFR atibodes Sialic acids the ligand of the inhibitory Siglec receptors. Here,
the expression of Siglet, -3, -7 and-9 on human macrophages and of Siglee© and-14 on human
neutrophils could be verified. tould be demonstrated that soluble Sigleand Sigle€-Fc fusion
proteins bind to the cancer cells and that this binding could be reduced by treating the cancer cells with
neuraminidases or sialyltransferase inhibitor. Importa@iglec9 could bedentified as a key player

in antibodymediatedcytotoxic activity of neutrophilswith the application of &iglec9 blocking

antibodybearing an unfunctional Faart As a ligand of Sigle® the carbohydrate antigen CA29also
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namedsialyl Lewis A, coul beidentified,and used as targahtigento enhance neutrophihediated
ADCC against cancer cell&dditionally, bispecific antibodylectin proteinsthat combinea cancer
targetingFabwith a Siglecdecoy receptor through an Fc part, were evaluatpdtastial and promising
therapeutidools to enhancaneutrophilcytotoxicity against cancer cell¥aken together, it could be
shown that the sialic acid/Siglec axis regulates antiathendent cytotoxic activity of myeloid cells
and that it is a promisingmmune checkpoint to target that opens new perspectives in cancer

immunotherapy.
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Zusammenfassung

Durch de Einfuhrung deimmurcheckpointinhibitorenin die Klinik wurdedie Krebsimmuntherapie
revolutioniert. Die erste Generation der zugelassenen Irctmeakpointinhibitoren ist aufMolekule
auf T-Zellenbeschranktz. B. PD1/PD-L1 oder CTLA4. Fast de Halfte aller Krebspatienten in den
Vereinigten Staatewerden mit deaartigen Inhibitoren behandeliedoch bleiben mehr als 88 der
Patienten unempfindlicgegenibekonventionellen TherapieformeMyeloischeZellen, insbesondere
Neutrophile, sind die haufigste Immungalpulationim Blut und sind zusammen mit Makrophagen
im Tumornikromilieu vieler Krebsarten vorhandermumorinfiltrierende nyeloische Zellen sind
hauptsachlich unterdriickende Immunzellenibn®orhandensein igift mit einer schlechten Prognose
verbunden. Aus diesem Grund konnte ®&s therapeutische Zw&e von Vorteil sein, die
immunsupprimierende Wirkung vomyeloischen Zellen umzukehren Der CD47Antikdrper
Magrolimabist der erste myeloische Checkpeinhibitor, der in klinischen Studien getestet wurde.
Trotz einiger positiver Ergebnisse wurdedochkirzlich klinische Studien mit Magrolimab aufgrund
von Unwirksamkeit im Vergleich zu Standardtherapied erhohtes ddesrisikoabgebrochen. Daher
besteht ein dringender Bedawfeitere myeloisch€heckpoints ziudentifizieren und zwntersuchen,
welchedie Krebémmuntherapie weiterorantreiben kénnen.

Die Sialinsauregialic acidbinding immunoglobuliftype lectin(Siglec)-Interaktion ist ein neuer in
Erscheinung getretener Immuncheckpoidie Hochregulation vofialinsdure autler Oberflache von
Krebszellen aktiviert inhibierende Sigi&®ezeptoren auf Immunzellen und verhindert eine
Immunreaktion gegen Krebszellen. Bibt ausreichende Hinweise darauf, dass die Sialinkigtec
Interaktion ein wichtiger Immuwheckpoint fir Nk und T-Zellen ist,doch die Kenntnisséber ihre
Rolle bei der Eliminierung von Tumorzellen durtlyeloischeZellen ist noch begrenzt.

Die vorliegende Arbeituntersucht die Rolle der Sialinsduals Regulatoder antikbrperabhangigen
Aktivierung myeloscherZellen gegen solide und hamatologischemorzellen. Krebszelllinien, die
HER2, EGFR oder CD2@ls Antigene exprimieren, wurden alBumommodelle in dieser Studie
verwendet. Alle Zelllinien zeigten eineohe Expression vonSialinsaure mit iberwiegend 2- 3
verkne¢gpfter i nverkhépftay Siadinsautals Steatedlezyr Beduzierung der Sialinséure
auf den Krebszellewurden zwei Naraminidasen und ein Sialyltransferdshibitor eingesetzt und der
Effekt auf die TumorzelLyserate analysiert. Eskonnte gezeigt werden dass die Pradsenz von
Sialinsauresowonhl die antikbrpervermittelte zellulare Phagozytose durch Makrophdg&cCP) als
auch die antikorperabhéngige PMdermittelte Zytotoxizitdt ADCC) hemmt Auch in vivo wurden
Sialinsdure reduziert&Krebszellenim Vergleich zu Kontrollzellen durch die Behandlung mit
Antikorpern effizienter eliminiert. Sialinséure ist der Ligand der inhibierend8iglecRezeptoren.
Humane Makrophagen zeigten eine Expression von Sigle8, -7 und -9, wahrend humane
Neutrophile Sigle, -9, -14 exprimiertenEs konnte gezeigt werden, dass l6sliSigtec7 und Siglee

9 Fc-Fusionsproteinan die in dieser Studie verwendeten Krebszelllidérmen, dies konntdurch
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Behandlung mit Neuraminidasen odeit einemsSialyltransferasénhibitor reduziert werden. Dariber
hinauskonnteSiglec9 eine wichtige Rolle bei dantikdrpervermittelten Aktivierung von Neutrophilen
zugesprochen werden, dies wuidigrchden Einsatz eines dafiir entwickeltgpezifischen Sigle8-
Antikorperermdglicht Als einer der Liganden von Sigh&ckonnte das Kohlehydratantigen CAQ9
identifiziert und & Zielantigen verwendetwerden um die Antikorpetvermittelte Neutrophile
Zytotoxizitat gegenTumorzellen zu erhdhen. Zusatzlich wurden bispezifische Antikélpé&tin-
Proteineim Hinblick auf eine Steigerung der PMMrmittelten Zytotoxizitat nédher analysieDiese
sog. AbLecs bestehen aus einem gegjartlumorassoziiertes Antigen gerichtetea Teil kombiniert
mit der extrazellularen Doméane eing8gylecs Uber einen FeTeil. Zusammenfassenkionnte in der
Arbeit gezeigt werden, dasdie Sialinsdure/SigleAchse die antikdrpervermittelte Aktivierung
myeloischerZellenreguliertund einentscheidenddmmuncheckpointist, der neuen Perspektivéar

die Krebsimmuntherapie eroffnet
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1 Introduction

1.1 Antibody-based cancer therapy

Cancer is a majohealth problem worldwide and is the second leading cause of death globally,
accounting for 10 million deaths worldwide in 2620he worldwide agstandardized death rate from
cancer declined by 15 % since 1990, meaning that health care has improved in the fight agaifist cancer
This is the result of an increased awarenessatdlises of cancer and strong health systems that support
cancer prevention, early detection, and efficient treatrhe®sgery, radiation, and chemotherapy are

the major therapeutic approaches against cancer. While surgery and radiation are local therapies directed
to aspecific organ or a limited area of the body, chemotherapy is a systemic therapy, which can reach
every compartment of the body. Even if chemotherapy is effective against some cancers, its benefit is
limited due to lack of selectivity for cancer cells omermal cells inducing many cytotoxic side effects.

The nonspecificity of many cancer therapies is a challenge and can be improved by the development of
targeted therapy and immunotherdpVargeted therapy is specifically directed against proteins that
control how cancer cells grow, divide, and spread, while immunotherapy is a type of cancer treatment
that helps the immune system to fight cahic®ne of the most promising and clinically used type of
immunotherapy and targeted therapy is represented dnocional antibodies (mAb). Monoclonal
antibodies are immune system proteins created in the laboratory that are designed to bind to specific

targets on cancer cells and either stop their spread or mark them to be destroyed by the immine system

1.1.1 Development ofmonoclonalantibodies

The origin of cancer immunotherapy dates to 8900 with William Coley and Paul Ehrlickoley
demonstrated cancer regression in patients that had a concurrent bacterial infection induced by a heat
killed bacteria miture, achieving durable and complete remissiBaul Ehrlichwas the first to develop
theidea of targeted therapy with his concept of a magiebuthrlich’s magic bullet specifically targets
pathogens or tumor cells without harming healthy cells and tissTiesse were the first atteus to
harness the immune system for destroying cancer. Only in 1975 with the advent of the hybridoma
technology developed by Kéhler and Milstein, monoclonal antibodies emerged as powerful tools against
cancer and can be considered today as those madgtsbigdealized by Ehrlich The hybridoma
technology involves the fusion of antibody producing B lymphocytes from immunized mice with
immortalized plasmacytoma cells. The resulting hybrid cell tiombines the characteristics of both

cell types: the one of B cells, which carry the genetic information of a specific monoclonal antibody,
and the longevity of immortalized plasma cells with the cellular machinery to produce anfiobkes

first therapeutic rAb muromonabCD3 (OKT3) against CD3 on T cellsvas generated by this
technology and was approved in 1986 by thReod and Drug Administration(FDA) as
immunosuppressant to reduce acute rejection in patigth organ transplasit During the years it has

been elucidated that murine antibodies are not optimal in activating human éenuglishand are also
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1. Aintidbadegd cancer therapy

highly immunogenit To solve these problems, novel antibodies and variants have been generated by
genetic engineering that are maecessible for clinical applicatiofrigure 1). Chimeric antibodies
contain murine variable regions in the heavy and light chains and human congitar.r&ituximab

was the first chimeric antibody with an oncology indication approved by the FDA in 1997. It is a CD20
antibody of the immunoglobulin(lg)G1 isotype and applied in patients witltdd nonHodgkin’s
lymphomd. To further overcome immunogenicity, humaniredbswere developed. These antibodies

are almost completely human but still contain murine complementitgrmining regions (CDR) in

the variable domain$ Thefirst humanized mAbsvas trastuzumab, approved by the FDA in 1998 for

the treatment of patients witluman epidermal growth factor recept¢HER?2) positive breast canéer

Today, fully human antibodies can be generated and are nowadays also in clinical use. The antibodies
can be produced by phadesplay technology, using genetic sequences of variable antibody fragments
from human antibody librariés Additionally, immunized transgenic mouse models (HuMabMouse and
XenoMouse) with human immunoglobulin genes can be used to generate human adtibiduiefirst
approved antibody produced in such a transgenic maasganitumumab, a human IgG2 antibody
against thepithelial growth factor receptor (EGFR) used in patients with colorectal cancer siné& 2006
Today, more thanl60 monoclonal antibodies are approved ftinical use by the FDA, and
approximately 80% of them are humanized or fully human and almost half of them have anyoncolog

indication*.

murine Ab chimeric Ab humanized Ab human Ab
&
O
100 % murine 75 % human 90-95 % human 100 % human
-momab -ximab -zumab -mumab
human

immunogenicity

murine @@ human

Figure 1: Development ofengineeredmonoclonal antibodies and their immunogenicity.

The type of amonoclonal antibog can rangefrom being afully mouseantibodyto a fully human antibog,
indicated by the ending of its nhamenmunogenicityincreasingly drops theessr murine parts (grey) anthe
more human parts (bluaye present.

1.1.2 Antibody structure and isotypes

Antibodies or immunoglobulins are secretory glycoproteins produced by terminally differentiated B
cells called plasma cells during a humoral immune resporiseantibody recognizes a specific antigen
and can induce several immune responses. Immunoglobulins consistaidmgtwo identical heavy
chains (HC) and twalentical light chains (LC)Rigure2). One HC and one LC atgpically linked by

covalent disulfide bridges. The amino terminal ends of the four lwainsist of unique variable (V)



1l ntroductdi

regions that bind to specific epitapef certain antigesm In contrast, the carboxyl ends of the HC and

LC are constant (C) regions of amino acids which determine the isotype. Each LC chain is composed of
one variable domin (V.) and one constant domain.{Gomain, the Ccan be eitheof kappa é) or
lambda é) type. The HC is composed of one variable domaig) @nd three constant domainsi(C

Cu2, G43). Different types of constant regions of the HEG, @-, e-, ¢, andmchains) discriminate five
different antibody isotypes: IgA, IgD, IgE, IgG and IgM (IgE and IgM have an additiedadl@main}®.

IgG and IgA isotypes are further divided into different subtypes: IgG1, 19G2, IgG3 and 1gG4; IgA1 and
IgA2. The isotype determines which kind of immune response the antibody triggers, and at which stage
of the immune regmse the antibody is produced. The hinge region is localized betweenliten@

Cu2 domain of IgA, IgD, and IgG (Eand IgV do not have a hinge region)dlinks the crystallizable
fragment (Fc) and two antigdnnding fragments (Fapvia different disifide bonds. The hinge region
gives the antibody a certain steric flexibility for binding and, depending on the antibody isotype, the
hinge may have different lengths. The Fc part contains tBea@d Gi3 domains, while the two Fab
parts are composed byetih.Cs and the ¥and Gi1 domain of the HG& The Fc part of the antibody
binds to various Fc recep®(FcR) on immune cells or to the complement compohgr{C10) to

induce certain immune responses (explainetl1n3.2. In addition, the Fc part of IgG can bind to the
neonatal FCR (FcRn) expressed by endothelial cells and in the placenta foechgfBng and for
providing immune support to the fettisUsually, an antibody has one antigen bigdiite in each Fab

and its affinity is given by the binding strength of the Fab to its antigen. However, antibody polymers
can be formed by IgM (pentameric) and IgA (dimeigttypes The polymers have multiple antigen
binding sites and the strength of antibody to its antigen is given by these multiple binding sites
(avidity)™.

IgG1

heavy chain

light chain

Fabz
(antigen binding)

J\

Fc
(effector functions)

COOH

Figure 2: Structure of an IgG 1 antibody.

An IgG1 antibody consiss of two heavy chains and two light chains, which are linked via disulfide bonds. The
immunoglobulin has two Fab fragments that bind the antigen and a constant Fc region which mediatasthe
effector functions. V, variable region of the light chgi€,_ constant region of the light chaiy, variable domain

of the heavy chairCy1-3, constant domains of the heavy chain; CDR, compleanigyvdetermining regioff.
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1. Aintidbadegd cancer therapy

1.1.3 Effector functions of monoclonal antibodies
Antibody-basedumor cell killing utilizes various mechanisms in order to exert its effects. They can be
divided into direct and indirect effector functions, dependinghe involvement of immune cells or

without The next paragraphs elucidate the differences between these mecligiganes).

1.1.3.1 Direct mechanisms

The Fab domains of antibigs bind specifically toantigers on tumor cel and can induce direct
cytotoxic effectsindependent ofthe presence of an immune effector cdlhe most common
mechanism involve the activation or blockade of signaling pathways, leading to reduced cell
proliferation and increased apoptd$igntibodies have been developed that can bind to either a growth
factor that pranotes cell proliferatioffor to its respective receptor) to hinder recefligand interaction

and to abrogate cell signaling. Receptors responsible for proliferation are often upregulated in cancer
cells such as EGFR and HERZCetuximab for example is an EGFR specific chimeric IgG1 antibody
that induces cell cycle arrest and apoptosis in tumor cells and is used for the treatment of patients with
colorectal cancer and squamous cell carcinoma of hehdek’. A similar mechanism is adopted by
trastuzumab, a humanized molmmal IgG1 antibody approved for breast cancer that blocks

dimerization of the HER2 receptér

1.1.3.2 Indirect mechanisms

Indirect mechanisms of monoclonal antibodies invatmmuneeffector functionsmainly mediated by

the Fc part of the antibodgxcept for T cell engagemetitponantigen binding, antibodies can induce
antitumor immune responses by activating the complement system or by recruiting immune cells via Fc
binding. Immune cells express differelt receptors (FcR)and depending on the isotype of the
antibody, the FcR biting site varies along the CH domdfié Antibody-dependentcellular
cytotoxicity (ADCC) against tumor cells involves natural killer (NK) cells, monocytes, or
polymorphonuclear cells (PMN), while macrophages are the effector cells in antibpdgdent
cellularphagocytosis (ADCPY-18:19

The human immune effector cells carry six different FcR for binding IgG antibdetigRl (CD64),
FogRlla-c (CD32ac), and FgRllla,b (CD16a,b). FgRI has the highest IgG binding affinity
Interestingy, FaRIIb and FgRIIIb cannot induce ADCC or ADCP, because these receptors lack the
immunoreceptor tyrosinbased activation motif (ITAM) in their intracellular dom&ininstead,
FcgRllb has an immunoreceptor tyrosibased inhibitory motif (ITIM), while FgRlllb is a
glycosylphosphatidylinsitol (GPI) linked receptor and lacks intracellular domaiff. In addition to
FcgR, myeloid cells also share the activating RqCD89), which can induce IgAediated ADCC and
ADCP, this is further described in the sections 1.2.1 and®1.2.2

Fcmediated effector functions include alsmmplementdependent cytotoxicity GDC)*8 The

complement cascade starts with recruitment ofQhg, which binds to thed2 domain of the antibody

4



1l ntroductdi

close to the FcR binding stfeC1q is a hexavalent moleculatactivates the classical pathway of the
complement cascade resulting in tumor cell killing by the membrane attack complex (MAC). CDC can
be induced most efficiently by Ig851gGL and IgM antibodies, however, some evideexists that also

IgA can induce CDE&. Antibodies that have been reported to induce CDC are for example the CD38
antibody daratumumab and type | CD20 antibodies like rituximab and ofaturffufiaé release of
some complement components such as the anaphylatoxins C3a and C5a is important foitthentecru

of immune cell®2? The opsonization with C3b and C4b can further activate certain complement
receptors (CR) on immune effector cells which leads to compledeg@ndentellular cytotoxicity
(CDCC) and complememntependentellularphagocytosi§CDCPY>2¢

In addition to antibodies that induce immune cell activation, therapeutic antibodies that trigger anti
tumor effects through T cells are widely used in the clinic. These include, for example bispecific
antibodies (BsAb) that can simultaneously binthto different types of antigens on the same cell or on
different cells, thus bringing celiis closecontact’. Blinatumumab is a bispecific-@ell engager (BIiTE)
approved for the treatment of refractory or relapBeckll precursoracute lymphoblastic leukemia
(BCP-ALL)?. It consists of two covalently linked antibody singleain variable fragment (scFv) units,
composed of the antigeébinding variable domains of the light and heavy chains of an immunoglobulin.
One ofthe scFv fragments is directed againstBheell antigen CD19, while the other fragment binds

to the CD3 receptonoT cells. This leads to the activation of the T cell, which releases lytic granules to
kill the tumor cell BiTE activity is Feindependent since most of the T cells do not express FcR. In
2024, eleven BsAhave beempproved for cancer therapndnine d them are BiTEptherBsAb have

a versatile mode of actiaand engagether immune celf<.

Antibodies that block inhibitory receptors on immune cells or their ligands belong to the group of
immune checkpoint inhibitors and orchestrate the immune response againsbggmeeenting Tcell
inactivation. Immune checkpoint inhibitors are widelgdi$n the clinic and are approved for different

cancers, these will bdescribed in paragrapgh3®.
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Figure 3: Effector functions of monoclonal antibodies.

Effector functions of monoclonal antibodies can be divided into dieect indirect mechanisms. Direct
mechanisms are induced by the Falgment uporgrowth factor receptor digand binding. Indirect mechanisms
involve immune effector functions arate mainly mediated by the Fc part of the antibody to activate the
complement cascade onmune cells forcellular cytotoxicity or phagocytosisP?D-1, programmed cell death
protein I PD-L1, programmed cell death proteinligand; CDC, complement dependent cytotoxicity; MAC,
membrane attack complex; ADCC, antibedigpendentellularcytotoxicity, ADCP, antibodydependent ckilar
phagocytosis; NK, natural killef=cR; Fc receptor; CD3, cluster of differentiation 3; BIiTE, bispecificell
engagef®.

1.1.4 Cancer antigens as clinical targets

Cancer antigens can be divided into turspecific antigens (TSA) and tumassociated antigens
(TAA). TSA are unique antigens expressed solely by tumor cells and not by normal cells, while TAAs
are also expressed by normal cells although at lower I¢kals in cancer cells. TAA are often
overexpressed in solid cancers and used as therapeutic.t&wgets TAAbelong to the ErbB family,

which consists of four receptors with tyrosine kinase activity: EGFR, HER2, ErbB3 and ErbB4. A
peculiarity of this famy is the dimerization of two HER receptors after ligand binding that induces
receptor phosphorylation and activation of numerous downstream signaling path\E&BR (or
HER1), is frequently overexpressed in almost half of glioblastomas and in many other epithelial tumors
including cancers of the head and neck, ovary, cervix, bladder, esophagus, stomach, endometrium,
colorectal and brea8t Amplification of EGFR is frequently associated with mutations that meisult
ligandrindependent constitutive activation of the reoéft The first EGFR antibody approved
clinically was cetuximab, a chimeric IgG1 mAb used for the treatment of patients with head and neck
squamous cell carcinoma (HNSCC) or metastatic colorectal ¢arRanitumumab against EGFR is a

newer fully human IgG2 antibody applied in metastatic colorectal pdfiéhtBoth antibodies bind
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overlapping epitopes on EGFR, inhibit ligand binding and signal transductiorb@hdnediate
ADCC3,

HER2 is overexpressed in -20 % of breast cancer cases due to gene amplification and confers a
particularly aggressive forfh®3 Overexpression appears to be the principal mechanism by which HER2
mediates cancegrowth and spread while mutations in HER2 are rarely found in cddtdrhe most
clinically used antibody against /2 positive breast cancer is trastuzumab, a humanized IgGmAb
Besides inhibition of ligand binding, humerous alternative hypotheses to explain the mechanism of
activity of trastuzumab have been proposed, including inhibition of HER2 dimerization, inhibition of
HER2 shedding, promoting HER2 dagation and ADCE&-%. Trastuzumab is applied as monotherapy

or in combination with chemotherapies, however, not all HER2 positive patients reapdmesistance

may occutt35,

Other proteins than growth factor receptors that are often targeted in cancer therapy are antigens on
leukocytes designated as cluster of differentiation (CD). CD20 is a speetf@d Bnarker that is
expressed at certain differentiation stagering Bcell development and is widely used as target for
certain Bcell malignancie¥. CD20 is a transmembrane protein of the membspa@ning 4A gene
family and has ndnown natural ligand. However, it has been shown to be involved in calcium
channeling, Becell activation, and proliferatich CD20 antibodies can be dividiénto type | and type

Il antibodies based on their ability to build lipid rafts. Type | CD20 antibodies rituximab and
ofatumumab) can reorganize CD20 molecules into lipid rafts and efficiently activate CDC, while type
Il CD20 antibodies€.g.obinutuzumab) poorly activate complement, but are capable to directly induce
cell deatR’. Both types areapable of inducing ADC@nd only type Il induce programmed cell death
via a caspaséndependent pathwd Today, ®veral CD20 antibodies are approved clinically for
various indications such as rituximab ford@ll nonrHodgkin's lymphoma (BNHL), obinutuzumab for

chronic lymphocytic leukemiéCLL), and ofatumumab for multiple sclerddis

1.2 Myeloid cells incancer

Myeloid cells constitute the major cell compartment of the innate inensystemand some of their
classical roles include protecting the organism from pathogens)d healing after injury, homeostasis
maintenance, and resolution of inflammatforMyeloid cells originate from the bone marrow and
consist of granulocytesnonocytesand plateletS. Monocytesare blood circulating cells that migrate

into the tissues to differentiate into macrophages or dendritié>c@ltg functional role of myeloid cells

in cancer and its microenvironment is not clearly defined and under controversial debate. Three
terminally differentiated myeloid cell populations occupy a central role in cancer immunology: dendritic
cells(DCs), macrophages, and granulocytes (primarily neutrophlis}he followingsectionghe focus

is laid on macrophages and neutrophils.
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1. Myeloid cells in cancer

1.2.1 Macrophages in cancer

The microenvironment of solid cancers is populated by fibroblasts, endothelial cells and immune cells.
Within the infiltrating immune cells, macrophages represent one of the largest poptflationsor
associated macrophages (TAM) have a high plasticity that reflects their dual role inf®cafter
activation states of macrophages differ depending on the stimuli: classically activated M1 macrophages
and M2 macrophages activated by alternative patiiaytse classical pathway is driven by microbial
toll-like receptor (TLR) ligands l& lipopolysaccharides (LPS) or interferon (IFiNjeleased by T

helper (Th)1 and NK celt& M1 polarization is associated with tissue damage and phagocytic tumor
cell killing leading to a prénflammatory stat®. In contrastM2 macrophages aretavated by 11-4 and

IL-13 released by Th2 lymphocytes and are considerednflatnmatory macrophages, promoting
tissue repaff. TAM with an M2-like phenotype contribute to cancer progression and metastasis by
promoting tumor cell survival and pridration, remodelling the extracellular matrix by
metalloproteases, promoting angiogenesis, and suppressing an immune response by cytokine
secretiof’. On the other handnacrophages hawasoan important role in mediating the atimor

activity of chemotherapeutic agents, radiation and antib8dies antibodybased cancer therapy,
macrophages can kill tumor cells mediated by ADCP through expression of activagireg éators..
Aditionally, macrophages are important targets of checkpoint blockade approachesnéexntai

paragrapt.3)*.

1.2.2 Neutrophils in cancer

Neutrophils are the most abundant cells in the human blood circulation and are rapidly recruited to
injured tissues as a first line of defense against infections. Tumor assowateaphils (TAN) are
characterized by a large heterogeneity and can displayprarigenic or anttumorigenic functiorfs.

The presence of neutrophils in the tumor microenvironment is considered an unfavorable prognostic
markef?43 In mice, TAN have been categorized as N1 and N2 neutrophils, similar to macrophages,
depending on their tumor suppressive (N1) or tumor supporting (N2) featudéferent neutrophil
subpopulations have been described in cancer patients: high density neutrophils are associated with anti
tumor activity, while low density neutrophils display gronor activity and amyeloid-derived
suppressor cell (MDSC) phenotyperhe tumor promoting functions of neutrophils involve cancer cell
proliferation, migration, invasion and angiogen&si&lso, neutrophil extracellular traps (NEiRh the

tumor microenvironmenfT(ME) promotescancer cell migration and angiogenésté Neutrophils can

also mediate Tell immunosuppression by degranulation of argirias&d Fcell apoptosis induction

by H.O. produced during oxidative buf&tOn the other hand, neutrophils have been reported to be
required in the eradication of antigen heterogenous tumorsdai inmunotherapie. Importantly,
neutrophils have also asfittimorigenic activity. While only few direct mechanisms of neutrophil
mediaed cancer cell killing have been reported, such as by respiratory burst, degranulation, or apoptosis

inductiorf®%, the most efficient mechanisms performed by neutrophils to eliminate cancer cells are
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mediated by antibodies. For example, neutrophils can phagocytose soglldBronic lymphocytic
leukemia cells in the presence of targetintjbodies'. However, the most efficient mechanism of tumor

cell killing by neutrophils is trogocytosis, a mechanical process of ADCC in which membrane parts of
antibodyopsonized cancer cells amébbled thereby damaging the cell integttyWhen trogocytosis
results in necrotic tumor cell death, it is referred to as trogoptosis, a mechanism that does not involve
degranulation and oxidative buistn generalantibodies drive eutrophils mediate cancer killingy
engagingFcRs on theneutrophilsurfac&? Neutrophils constitutively expressdRila, FoRlllb, and

FcaRI, while F@RI is only expressed pon activation of neutrophils witlyranulocytecolony
stimulating factor G-CSP andINFg™. FogRlla is the most dominant BR triggering ADCC2, while
FcgRlllb is a negative regulator of neutrophil ADCC as it scavenges IgG1 antibody due to its high
expression on the neutrophil surfatedeed approved IgG1 antibodies poorly activate neutréphils
TargetingFcaRI on neutrophils with IgA antibodies induces more potent ADCC comparEdgk

even ifless expressed than either one of thgRPt The potent neutrophil cytotoxic responses induced

by IgA antibodies can be attributed to the higher avidity compared to 1gG, given the bivalent binding to
FcaRI®®. Therefore, IgA antibodies are promising tools to be used to recruit neutrophils in cancer
immunotherapy, however, their clinical development is limited by the lack of aRIHwomolog in

mice and a reduced serum W@f¢ in humans (5 days compared to 21 days of IgG). Nevertheless,
genetic engineering ballowed the creation of BdRI transgenic mice and IgA antibodies with extended

half-life, giving hope to the clinical development of IgA theraffiés

1.3 Immune checkpoints

The immune system is tightly controlled to discriminate between infected or malignant cells and healthy
cells and to prevent an immune response under normal physiological conditions. An excessively
activated immunesystem can lead to acute or chronic inflammation and is often the cause of
autoimmune diseases. Immune checkpoints are part of the important mechanism by wtutdraete

is maintained and autoimmune damage of healthy tissue is prevented. However,cedlscoften

misuse immune checkpoint receptors by upregulating their ligands to escape the immune suteillance

1.3.1 T-cell immune checkpoints

Research on immuraheckpoints originated in studies ofcéll surface inhibitory molecules performed
by James Allison and Tasuku Honjo. The inhibitory molecule GALLytotoxic Tlymphocyte
associated proteid, CD152) competes with the-stimulatory receptor CD28 for thending of CD80
or CD86 on antigen presenting cells leading toell inactivation. Allison’s group showed that an
antibody against CTLA! resultedin cancerrejectiort®. In parallel, Honjo's lab investigated the
inhibitory programmed cell death protein (PDi1l) receptor on T cells which is regulated by
programmed deatligand 1 (PDiL1)*®. PD-L1 is expressed byantigen presenting cellsind

overexpressed by some cancelis. Binding of the ligand to the PDreceptor impairs -Eell function
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1.13mmune checkpoints

and cytokine production and induces apoptosis of T cells. Blocking-df &l PBL1 increases ell
activation and proliferatigfi

James Allison and Tasuku Honjo were awarded the Nobel Prize in Physiology and Medicine in 2018
for their discovery of cancer therapy by inhibition of negative immune regulation. Indeed, with the
discovery of immune checkpointsncer therapy has been revolutionized and nowadays several drugs
that target Tcell immune checkpoints avddely used clinically. The most clinically successful immune
checkpoint inhibitors are the monoclonal antibodies ipilimumab (targeting €L Aivolumab and
pembrolizumab (targeting RD), atezolizumalandavelumal{targeting PBL1) used as single drugs or
often in combination with othergiving remarkable efficacy in the treatment of melanomassmoall

cell lung cance(NSCLC), renal and bladder canc&sHowever, not all cancer patients respond to these
typesof therapy. For this reason, this first generation of immune checkpoint inhibitors restricted to T
cells has also inspired the research for checkpoints on other immune cells.

1.3.2 Myeloid cell checkpoints

The first and very promising immune checkpoint ideatifon myeloid cells is the inhibitory receptor
signal regul atory pr ot evithrintegrih gssoeiatefl GroteRIAP)/CDAhdnc h i n
cancer cell®. SIRRJconsists of three extracellular Ig superfamily (IgSF) domains, with a CD47 ligand
binding V-domain, a transmembrane domain, amtTéM as intracellular domain. SIRHs exclusively
expressed on myeloid cells (monocytes, macrophagasulocytesand myeloid dendritic cells) and
microglia CD47 is expressed on all cells in the human body and is a type | transmembrane protein of
the Ig superfamily with an Iglike extracellular domain, five transmembrane domains and an
intracellular domain. The interaction between CD47 and BlRRiates an inhibitory downstream
signaling in myeloid cedithat restrictghier phagocytic functioff. Physiologically, CD47 functions as

a fiselfo or AdonEt eat meod signal, and the first
lose their CD47 expression and are cleared by ophage%-

The group ofWeissman translated these findings in the context of cancer immune escape, describing
how leukemic cells hijack the CD43IRFU interaction by upregulating CD47 to evade immune
surveillanceby phagocyte®. CD47 is known to be upregulated in patients of different cancer types and

is nowadays considered a poor prognostic mérRer Several preclinical studies reportdsat the
clearance of cancer cells can be promoted by blocking the SIRIFU axis thereby improving
macrophage mediated ADCP and PMN mediated ABYEC Until today, a number of therapeutic
approachesargeting the CD47/SIRPaxis have been developed and are under clinical investigation.
These include antibodies against CD47 and SIRBIRR}Fc decoy recdprs, and bispecific
antibodie&. The human CD47 antibody Magrolimab (Hu569) wasthe most advanced molecule
approachig the clini€®®. Since CD47 is also expressed by heattbls, in particular red blood cells,

CD47 antibodies are often used@s4 Fc scaffold in order to minimize target toxicity such as arfémia
However, the antiumor activity of CD47 antibodies has been shown to require an activating signal

through FeFco R i nteractions in parallel] being consi
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IgG4 antibodies are more effectiire combination with tumor targeting antibodies than alone in the
treatment of noHodgkin lymphom&:"X Unfortunatelytheclinical trial of Magrolimahin combination
with azacitidine for the treatment of acute myeloid leuke(AislL) with TP53 mutatiorhas been
discontinued because oftoxicities aml lack of efficacy compared to the standard of &f%e
Neverthelessylagrolimab hagsonfirmedthescientific rationale to target myeloid checkpointsancer,
opening so new therapeutic perspectives.

Indeed, otherdess well studied immune checkpoint molesusge gaining attention in preclinical
studie€?. This includesthe leukocyte immunoglobuliike receptor (LILR) family?. Receptors of
subfamily B (LILRB) have an ITIM motjfwhich was demonstrated to negatively regulate myeloid cell
maturation and activatio LILRB1 was also shown to me&de protection ofcancercells from
phagocytosis via interactiomith theMajor Histocompatibility ComplexM\HC)c | ass | compone:
microglobulin on cancer celfs Therapeutic antibodies blocking a second family menieRB2,
promoted a prénflammatory anda tumorsuppressive microenvironméh Ligands ofLILRB2 have

not been identified yetDisruption of LILRB signaling axis resulted in increased phagocytosis,
suggesting this interaction as important regulator of the effector fusctionyeloidcells’> ™

Thefamily of sialic acidbinding immunoglobulidike lectins (Siglecsihcludealso inhibitory receptors
expressed by immune cells. Siglecs interact With monosaccharidsalic acid, and since impaired
glycosylation is common in cancéne sialic acieSiglec interaction is emerging as potential novel target

for cancer immunotherapy and will be discussed in more detail in the next parhg¥aph

1.4 Glycosylation in cancer

Glycans are carbohydrates widely presennatureas free sugars or conjugated to nucleic acids,
proteins ipids and metabolites and essential for all living organi&mia the last decades, the glycome

has been studied as one of the building blocks essential to life, next to the genome, transcriptome,
proteome, metabolome and lipidofheAmong all groups, glycans are the most structurally diverse and

rapidly evolving class of molecules, with an underlyingats of biological role&.

1.4.1 Glycan structures and biological roles

Glycans areompounds that can be hydrolyzed into simplified units catledosaccharidggigure4)

linked together by glycosidic bonds. Monosaccharides as parts of oligosaccharides are typically in the
ring form generating an anomeric center. The glycosidic bond involves the linkageoof tw
monosaccharides via the hydroxyl group of the anomeric center, which eainkages ot linkages
depending on the relation of the oxygen to the anomeric centea Tileages ot linkages between
monosaccharides confer different growing glycancstmes and biological rolés The process that
attaches a glycan to a protein or other molecule is named glycosylation, it is a formtcdpsiational

modification taking place in the rough endoplasmic reticulum (ER) and the Golgi apparatus
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Figure 4: Common monosaccharide units of mammalian glycoconjugates.
Abbreviations of the monosaccharides are shown in bragkeified aftef?).

Major classes of glycoconjugates involve glycolipids, proteoglycans, and glycoproteins. Glycolipids are
oligosaccharides usually attached via glucose or galactose to the terminal hydroxyl group of the lipid
moiety ceramide. Gangliosides for example areminiglycolipids with one or more terminal residues

of the negatively charged monosaccharide sialic acid. A proteoglycan is a protein based glycoconjugate
having one or more covalently attached glycosaminoglycans (GAGS), long linear polysaccharides of
repditive disaccharides units. Glycoproteins are polypeptides carryiog GHinked glycan chains. N

linked glycans are attached to a nitrogen atom of an asparagine (Asn) residue in the sequence context
Asn-X-serine(Ser) or AsaX-threonineg(Thr). N-glycansshare a common pentasaccharide core region
and can generally be divided into a higlannose type, a hybrid type and a complex tigues). O
glycosylation mainly results in the linkage ofatetyl galactosamine (GalNAc) to Ser or Thr residues

of proteins. O glycans are normally less branched thaglians and involve eight different core

subtypes which differ in the type and linkage of their manobkaride unitsHigure5)””.

diSialylT complex
O-glycan
I %j |
Core4 sCore3 mono SialylT Core2
\/ \/
Asn Asn Asn ; ~— /%
High-mannose Hybrid Complex Core3 O \ Coret
Tn [f
sTn
N-glycosylation O-glycosylation

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

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

cores of Gglycosylation linked to serine (Ser)/threonine (Thr) residues of proteins are sBaam.square or

circle stands for a specificanosaccharide unfsee Figure4) Bl ack | i nes are glycosidic
for which hydroxyl group of the neighbouring monosaccharide is involved in the glycosidicRiahdT, sialyl

T antigen Tn, Thomsennouvele antigen; sTn,sialyl-Thomsernouvdle antigen(modified aftef?).
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Regarding the multiple and different biological roles of glycans, Varki proposed a broad classification:
the structural and modulatory role, extrinsic recognition of glycans, intrinsic recognition afiglyca
molecular mimicry of host glycarfs

Thebroadestategory regards thetructural and modulatory r@@fglycans For example lmod plasma

is rich of glycosylated proteins, because hydrophilic and acidic glycans contribute to macromolecules
water solubility®. Lubrification is also an important role of glycaMucins for example cover hollow
organs and are remarkably efficient lubricating substamceshyaluronan is essential for body fluids
such as synovial fluidnijoint cavitieg®’”. They also play an important role in the diffusion barriers,
maintaining the integrity of the blogalasma filtration in the kidné§. Steric hindrance, for example
given by heavily Gglycosylated mucins, and negative charge of some sialylated glycans protects
proteins from protease degradatfordditionally, sulfate GAGs and hyaluronan organize extracellular
matrix structures such as the basement membrane and c#itiRglgmeric glycans, like glycogen,
serve asong-term nutritional storage of glucoséanimal cell<®.

Furthermore, glycans have also many roletherecognition of extrinsic cells. For examdhesins

from, Helicobacter but also other bacteria, recognize and adhere to gastric gidafisenza virus
infects cells through the binding of hemagglutinin to sialylated proteins on the host cell’durface

To the intrinsic roles of glycans count the intracellular glycoprotein folding, degradatibihe
intracellular glycoprotein trafficking of the mannoselgosphate pathwéy Regarding irgrcellular
adhesion,O-glycosylated lectins such as selectins are needed by leukocytes to migrate between
endothelial cells in tissues during inflammatibrsome specific glycan residues help in the clearance
of damaged glycosylated proteins and aged‘€ellisglycans also play a key role in the determination

of ABO blood group antigexnclinically important for blood transfusioffs

Additionally, glycans can also act as sasociated molecular patterns (SAMPS) to inhibit clearance by
immune cell§®. However, pathogens have evolved waymtmic host glycans, especially sialic acids

to hijack the SAMPs mechanisffis

1.4.2 Sialic acid

Sialic acids represent a group of monosaccharides that typically terminatel XDglycan chains as
well as glycosphingolipids. Sialic acids derive from neuraminic acid, an acidic sugar withcarboe
backbone ad a fivecarbon rin§*. More than 80 variations of sialic acids have been identified so far,
more than 30 types by the group of Prof. Roland Schauer at Kiel Uni¥erSiglic acids can differ by
their oxidation, acetylation, sulfation or methylation stdthisSialic acid can have an-&tetyl
neuraminic acid (NeuS5Ac{gure6) or a hydroxyl groufg2-keto-3-deoxynononic acikKDN) at the 5
carbon position. The {dcetyl group can also be hydroxylated, resulting igly¢olylneuraminic acid
(Neu5Gc). The responsible enzyme is lost in humansNandGe caronly be suppliedvith nutrition,
butis often Inked to diseasés Si al i ¢ acid can be differently |in
or U2,6 gl yeand Oglycosylattom ordwith(alR,6 glycosidic bond to GalNAc (O

glycosylation). Repetitive units of poly sialic acids are linkedait(2,8 glycosidic bonti-&%
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The biosynthesis of sialic acid starts in the cytosol with Neu5Gc from diet or fri@&fusesphate from
glycolysis, these are transformed by the enzyorétine diphosphat€dUDP)-GICNAc-2 epimerase
(GNE) and ManNAc kinase (MNK) to{dcetyl mannosaminr@P (ManNAc-6-P). ManNAG6-P is then
convertedoy N-acetylneuraminic acicsynthase angphosphatases (NANS and NANP) to Neu5&é

The free sialic acid is activated to yield the nucleotide dowtidine-5"-monophsophateOQMP)-Sia by
cytidine monophsphate Neu5Ac synthetase (CMAS) in the nucleus and is then transported into the
Golgi. In the Golgi, sialyltransferas€ST) (20 in humans), typ€ membrane proteins with different
linkagespecificities, transfer the sialic acid from the CMP donor to teevlyh synthesized
glycoconjugates generatiag,3/a2,6/a2,8 linked glycosidic bond4®. Once attached, sialic acids can
againbe removed from the glycoconjugate by sialidases or neuraminidases (NEU). There are four
isoenzymes of humasialidasewhich are localized in distinct cellular compartments (surface, cytosolic,
lysosoma) and have distinct tissue expression and substrate preféfences

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

N-acetyl neuraminic aciNeu5Ac)has a ninearbon backbon@lepicted withred numbersyith a five-carbon

ring. The fifth carbon usually carries aradetyl group, while a glycerol is linked to the sixth carbon. The carboxyl
group (COOH) is strongly hydrophilic and can act as an acid by losing a proton to form a negatively charged
carboxylde ion (COO)L

The functional roles of sialic acid are numerous and can be summarized as providing biological masking
in form of SAMPs, serving as a binding site for pathogenic infection, and being a biological ligand of a
variety of moleules such as hormones, lectins, antibodiespémetimmunological moleculés

Sialic acid regulates cellular interactions because of its negative chargeatisas electrostatic
repulsion between cellRemoval of sialic acid reduces this net charge and the hydrophilicity of the cell
surfacé®. Desialylation of glycan chains unmasks underlying monosaccharides as galactose on blood
circulating cellsor glycoproteins favoring their clearance from the circulation throtighasialoe
glycoprotein receptor (ASGPR) on Kupffer cells and hepato€ytesn this wg, salylation regulates

the lifetimes of soluble serum glycoproteins and &ifsAs soon as sialic acid is lost, the molecules

and cells become neself and they are recognized by the defense system of the organism and are
eventually destroyed. Pathogens and cancer cells hijack this Sieidynition by adopting alylated

glycans of host cells in a process called molecular mifficry

Additionally, sialic acids serve as host receptors for microbes, bacteria, and®ftuses example,
influenza A virus infection is initiated by binding of the viral empa protein hemagglutinin to
epithelial cell surfacexposed sialic acid receptéitsHelicobacter pyloribinds with its adhesins to

sialic acid specific sites on oral and gastric mu€ins
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Plant lectins recognizing sialic acid ai¢heat germ agglutiniBVGA), accepting Neu5Aand ¢1,4)

linked GIcNAc residues, Sambucus nigra agglutinin (SNA) from the bark of the elderberry bush,
recognizing (2,6)linked sialic acid to galactose, and Maackia amurensis lectin (MAL), specific for
((R,3)}inked sialic acid to galacto¥eThe sialic acid biding lectins are believed to protect plants from
pathogenic microorganisms and fungi, as well as from herbivorous animals, because SNA provokes
toxic effects in animals and creates a reaction of avoi§ance

Sialic acid can also regulate lafnmatory processes and immunological responses by being a binding
partner of selectindactor H and Siglecs. Selectins are a family of adhesion moleexpesssed on
endothelal and other cellsThey interact with the tetrasaccharidiedyl Lewis A andX (sLe" andsLe’)

on leukocytes favoring their extravasation from the blood circulation into the surrounding tissue during
inflammatiorf®. Cell surface sialic acid can also regulate fluid phase innate immunity by binding to the
serum complement inhibitdfactor H thereby blocking alternative complement pathway actition
Siglecs as sialic acid binding partners will be further explained in the next section.

1.4.3 Siglecs

Siglecs are sialic acicecognizing lectins andonstitute a family oimmunomodulatoryeceptors that
belong to the typ¢ lectin family differently expressed on mainly immune cells. Siglecs are divided into
two groups based on their sequence similarity and evolutionary conserwdgiore?). Interestingly, a
subset of distantly related Siglecs are conserved in mammals (sialoadhesil/S@IR22/Siglee2,
MAG/Siglec4 and Sigle€l5), while the second subset in humansgsists of eleven CD3flated
Siglecs encoded by chromosome 19q, which share 599846 identity®. Siglecs have an extracellular
aminoterminal \tset domain that binds sialic acid, followed by severaliklg domains, a
transmembrane domain and a carbtetyninal cytoplasmic tail carrying activating or inhibiting motifs.
Nine of the CD32elakd Siglecs are inhibitory receptors carrying ITIM in their intracellular domain.
These become phosphorylated upon ligand binding and recruit tyrosine phosphag4Rikeand
SHPR-2, which ultimately results in immunosuppressive sign&liny minority of Siglecs have a basic
residue in the transmembrane domain which interacts with the adaptor protein WARhZontains

an ITAM to initiate signaling and are therefarensidered activating Sigle€s
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Figure 7: The human Siglec famly.

Sialic acid-binding immunoglobulirtype lectins (Siglecs) are singbass transmembrane proteins with mostly
one \+set Ig domain, and variable numbers of€&2 Ig domains in the extracellular portion. Thaat domain is
responsible for siali@cid binding. Except for Siglet, -14, -15, and-16, the intracellular domain contains an
immunoglobulin tyrosinédased inhibitory motif (ITIM) and an ITIMike motif. Expressions of the single Siglecs
on immune cell populations are indicated. ITAM, imrateceptor tyrosindased activating motif; ITSM,
immunoreceptor tyrosinbased switch motif, GRB2, growth factor receptor bound protein 2; Rfbito-
oncogene tyrosine protein kinase FYWK, natural killer (modified aftef®).

Siglecs can bind sialic acid in dign the same celfnd trangon a different celland the interaction is
important for regulating the functions of Sigl&cSome Siglecs show a characteristic specificity profile
for different sialylated glycan structures, howewaher Siglecs have a broader binding spectrum and
their overlapping specificities may result in similar functioR&yre 8)*°. The crystal structures of
Siglec1 and Sigle€7 show that a conserved essential arginine in theridinal Ig domain of the Siglec
binds the sialic acid at its negatively charged carboxyl group figrensalt bridg®°3 A highly variable
C-C’ loop of the Vset in Siglee7 is impatant for its specificity for disialylated structufés

While MAG/Siglec4 and Sigleés are exclusively expressed by Schwann cells and placental
trophoblasts, the other Siglecs are mainly found on hematopoietic and immuné-icglte 7).
Siglec1 is structurally the largest Siglec and is expressed mainly by macrophages and m@fécytes
CD22/Siglee2, which is exclusively expressed ondlls, is the best studied Siglec with known
inhibitory function and regulating cell survival CD33/Sglec3 is a myeloiecell specific surface
marker and also Sigleg is mainly restricted to myeloid ceftd”. Interestingly, the Sigle&3 gene is
deleted in humans, and Siglg2 has lost the arginine required for sialic acid bin@firgiglec7, -8, -9,

and-10 are shared by different immune cells: Siglelsas been shown to be a key regulatoiNi
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cells, while Siglee8 and Siglee are mainly expressed by eosinophils and neutrophils, respe€tiely
Siglec11 and-16 are mainly found in tissue macrophages and in the’B?ain

In contrastmice express only five CD3&lated Siglecs, but with similar structures as the huonag

anda different nomenclature is employed: Siglecs are numbered in humans and lettered in mice. Within
the mouse Siglecs containing an ITIM as intracellular signaling motif, Skg(acstructural orthologue

of human Sigled) is found mainly on eosinbjls, and Siglegs (similar to human Siglet0) on B

cells. Sigleek is the orthologue of human Sigiéand-9 and is expressed by neutrophils, monocytes
and dendritic celS. Recently, Ravetch et al. developed the first immunocompetent transgenic murine
model expressing human Siglécand-9 thus opening new opportunities in the research of human
Siglecs®.

CD22 | Siglec-7 | Siglec-8 | Siglec-9 |Siglec-10
a3 B4
0 + + + +
a6 P4
+++ + + + ++
a6 B4
+++ + + + +++
a8 a3 P4
0 +++ + 0 0
6S
a3 | p4
ND ++ +++ 0 0
a3
6S
a3 p4
ND + 0 4+ 0
a3

Figure 8: Relative affinities of selected Siglecs for sialoglycan sequentes

Sialoside specificities were obtained from glycan array analysis and competitive binding experiments, reported
and adapted from Crocker et al. 2007. White rhomb represent&dein@ other symbols are explainedrigure

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

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

Given the important role of sialic acid in immune response regulation, its alteratigtightly linked

with several diseases, including cafd2&. Among various glycosylation changes, cancer cells from
different origins increase their cell surface sialoglycans favoring cancer growth, progression and
immune escapéFigure9). Hypersialylation correlates with poor progné$is

One of the main function of sialoglycans is to serve as Sg\MRich helps to differentiate between

self and norself and dampen the immune systéth Like pathogens, ceer cells may evade the
immune system by mimicking host cell sialylation. The underlying cause of surface hypersialylation of
cancer cells is the upregulation of sialyltransferases or the alteration of neuraminidase eXprfé$sion
For exampleexpression ofmany sialyltransferases that attach sialic acitlhglinkage are increased

in malignant cancers of th@east, colon, ovarian, and pancf€a¢igh sialyltransferase expression is
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1. ycosylation in cancer

associated with an invasive phenotype and poor clinical outédtfe Overexpression of ST6Gall
induces hypersialylation of the apoptosis induckaps cell surface deatfFAS) receptor thereby
preventing ligand binding and cellular apoptd§ts Alpha 2,3 linked sialic acid expression is also
increasedn breast cancer cells and correlates with high metastatic potential and an advanced cancer
gradé®, ST3GALS3 is overexpressed in leukemic B cells compared to healthy B cells resulting in
enhanced sialylation, and aberrant sialyltransferase expression positively correlates with increased risk
of leukemia development and drug resistaticé

High sialylation enhances cellular repulsion to other cells and forces the detachment from the
extracellular matrixthereby improving cancer cell migration through endothelial selétirEhe
endothelial selectins ligasdLe* andsLe®, as well as the truncateddlycan sialylated T antigen (sTn),

are considered cancer associated sialoglycans. They are found to be overexpressed in different
carcinomas, including breast cancer, where they promote the epitheBehchymal transition, a
process essential for cancer metast#si¥. As previously mentioned, sialic acid has been reported to
inhibit alternative complementascade by the recruitment of the complement inhibitor protein
FactorH®,

Furthermore, abeaint sialylation contributes to immune evasion through the inhibitory Siglec receptors
on immune celf. Indeed, the sialic aci8iglec axis has been shown teate an immunosuppressive
cancer microenvironment by inhibiting &ind NKcell infiltration'*¥115, Sialoglycans on cancer cells
interfere with cytotoxic Tcell functions andprevent them from tumor cell killifg*8 Interestng,

Siglec9 is upregulated in tumenfiltrating cytotoxic T cells of different cancers, correlates with poor
prognosi& % Furthermore,Siglec15 inhibits antigerspecific T-cell immune responseand its

blocking resulted in suppression of cancer grétithigh expression of Sigle¢ and Sigle€ ligands

were detected idifferent histological types of cancer and Sigleon NK cells was demonstrated to
reduce cancer cell susceptibility to N&ll-mediated cytotoxicit}!¥12°, Various cancer cellsansfected

with sialylated glycopolymers were protected from NK mediated cell killing through the engagement of
Siglec7*?%,

Similarly to NK cells myeloid cells express high levels of Sigié@nd-7 which regulate their life span

in inflammatory responses to avoid tissue darffege Furthermore, blockade of CD24 interacton

with Siglec10, expressed by tumassociated macrophages, causetiaacement of phagocytic
activity againssolid cancer cell$. Recently, sialoglycans havedn shown to function in trans and cis

as fidondot eat meo and Adondt e d*'Q SigecYwaashavn engagi
to reduce the cytotoxic activity of neutrophils against tumor cigllsvitro and in vivo, and
polymorphisms of Sigle® that inhibit ligand binding have been shown to be associated Wittex

survival of NSCLC patient$®. Targeting human Sigleg and-9 on myeloid cells of transgenic mice
showed promising therapeutic potential in cartaegeting immunotheraf¥ Theshared expression of
inhibitory Siglecsondifferentimmune cells anthe multiple roles of sialic acishentionecabove make

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

Hypersialylationof cancer cells favours cancer growth and progression in different ways. Masking of receptor
ligand binding can prevent the induction of apoptosis and promote cancer growth. Sialicaacftevent the
activation of the complement cascade by engagadpr H. The binding of sialic acid to inhibitory Siglecs can
suppress immune ceatiediated cytotoxicity and phagocytosis, and drive macrophages towardsuanamigenic
phenotype. Sialyl Lewis antigens can promote cancer cell migration through seledimgbifAM, tumor
associated macrophag®#S, Fas cell surface death recept@D2,diganglioside G2TGF, Transforming growth
factor, NK, natural killer IL-10, interleukin 10sLe¥, sialyl Lewis X, (modified after van de Wall et al. 2028).

1.4.5 Therapeutic optionsto target the sialic acid/Siglecs axis

In cancer immunotherapy, several different approaches have been developed that interfere with the sialic
acid/Siglec interaction. One method is to directly target Siglecs as-associated markers with monoclonal
antibodies, already clinically applied in hematological malignatiiesntibodies against Sigleg (CD33)

on myeloid cellsand against Sigle2 (CD22) on B cells are linked to the toxin calicheamicin, which causes
DNA damage. TheADC gemtuzumab ozogamicin against Sigkeand inotuzumab ozogamicin against
Siglec2 are approw by the FDA for the treatment of adults with AML and for adults with relapsed or
refractory BALL, respectively?8129 Additionally, antiCD33CD3 or antiCD22/CD3 targeting CB3 or

CD22 are nowin phasd trials for the treatment of AML anBCP-ALL , respectivel§?7:130.131

Another approach that targets the interaction between Sagielcsialic acid involves compounds that reduce
sialic acid expression on cancer cells. The clinically most advanced ageé0 & bisialidase linked to

an antibodyFc fragment developed by Palleon Pharmaceuticals and curiremtiyhasel clinical trial'®2

The E602 bisialidase reduces cancer sialic acid expression, however one limitation of this drug is the lack
of specificity for cancer cells. To overcome this disadvantage, Palleon Pharmaceuticals has déaeloped t
EnzymeAntibody-GlycanLigandEditing (EAGLE) platform that involves the fusion of a sialidase to
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human mAb¥’. One examig is the antibodysialidase conjugate against HER2 for a more cancer specific
targeting. The antibody conjugate showed enhanced NK cell mediated Ab@i@o and improved
antitumor immune response in mice through the engagement of myeloi#3¢&li<Chimeric antigen
receptor CAR) T cells have been developed that carry the extracellular domains (ECD) of Bi§l¢ec
target glycosylated antigens on cancer cells. The CAR T cells showed promisitgremmtactivityin vitro
andin vivo'®,

Furthermore, Siglec antibodies have been developed to block the sialic acid/Siglec axis and prevent immune
cell inhibition. Treatment with the Sigl€x and Sigle€Z blocking antibodies resulted in reduced tumor
burden by interfering with the myeloid cell inhibitory receptors in transgenic immunocompetetit Mic
novel approach to target sialic acid on tumor cells is to combine tuangeting antibodies with Siglecs
extracellular domaitin bispecific moleculesalledantibody lectins AbLecg, which were demonstrated to
be moreeffective thanconventional antibodies mediatingNK-cell ADCC and ADCPS6 AL0O09 is an
engineered human Sigl®eFc fusion proteinin preclinical development that prevents immune inhibition
while activating immune cells through its antibody Fc8affhe Sigleel5 antibody NC318 reversescell
suppression, thus preventing tumor grawths currentlythe furthest developeahtiglycanmolecule in a

multi-cancer clinical phasié testing.
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1.5 Aim of the thesis

In the last decadeonsiderable progresssiaeen achieved in the field of cana@munotherapypartly
due to the approval oimmune checkpoint inhibitorsammune checkpoint inhibitorglone or in
combination with conventional treatments/éachievedconsiderablesuccess as a standard treatment
in many cancers However many patients remain unresponsive relapse, therefore investigation of
additional immune checkpoints is needed.

Upregulation of sialoglycans ahe surface ofumor cells is one of the mechanisms which prosote
tumor growth and progression. Specifically, the interactions of sialic acidgnhitbitory Siglecson
lymphoid or myeloid cells lead to suppression of -aunthor immune responsesWhile there is
substantial knowledgenahe role ofsialic acidSiglecaxis asanimportant immune checkpoint for NK
and T cells, its involvement in myelo@dfectorcell functionis still limited, especially in the contexif
antbody-based therapies

The aim of this study is to investigaifethe sialic acid/Siglecaxis regulatesnyeloid cell effector
functionsin antibodymediated tumor cell killingFirst, the degree of neutrophil cytotoxicity and
phagocytosis bynacrophages will be investigated upon sialic acid depletion of cancer cells, for which
different strategies will be applied. Seconchportant Siglecs on neutrophils will be dentified
Specifically, the role of Sigle® in antibodymediated tumor cell Kihg will be evaluatedvith the help

of a specificand newly to be developesiglec9 blocking antibody As novel tools antibodylectin
molecules (AbLecghat combine a cancer targeting antibody with the inhibition of the sialic acid/Siglec
interactionwill be analyzed as potential therapeutistrategyto enhance PMN cytotoxicity against
cancer cellsAnd finally, the glycan structures on cancer cells that function as Sigewswill need

to becharacterizedh order to efficiently interrupt the dia acid/Siglec axis
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2 Materials

Table 1. Expandable items

Iltem Provider
Biosphere ® filter tips,X0, 2, 100, 1250 ul) Sarstedt, DE
Cell culture flasks, with filter Greiner, DE

Cell culture plates

Sarstedt, DE

Cuvette

Eppendorf, DE

Dialysis membrane ZellTrans (MWCO 3500

Carl Roth, DE

Electroporation cuvette for bacteria

Bio-Rad Laboratories, USA

Nitryl gloves

AnsellHealthcare, B

Parafilm

Th. Geyer, DE

PD-10 desalting columns

Amersham Biosciences, UK

Pipette tips (10, 200, 1250 pl)

Sarstedt, DE

Plate seal sheet

PerkinElmer, USA

Poly-Prep chromatography column

Bio-Rad Laboratories, USA

Round bottom tubes Bl)

Sarstedt, DE

S-Monovette (8.2 ml 9NC)

Sarstedt, DE

Safe seal microtubes (0.5, 1.5, 2 ml)

Sarstedt, DE

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

Sarstedt, DE

Sterile filters (0.2Zm)

Part, USA

Tubes (15 ml, 50 ml)

Sarstedt, DE

Table 2: Chemicals and reagents

Item

Provider

2x YT broth

Carl Roth, DE

51 sodium chromate, 185 MBg/ml (5 mCi/m

Hartmann Analytic, DE

6x DNA loading buffer Carl Roth, DE
Acrylamide solution (Rotiphorese Gel 30) | Carl Roth, DE
Agar Carl Roth DE
Agarose Lonza, CH

Albumin Carl Roth, DE
Ammonium peroxodisulfate (APS) Merck, DE

Ampicillin Carl Roth DE
Bovine serum albumin (BSA) Carl Roth, DE
Bromophenol blue Carl Roth, DE

CalceirAM

SigmaAldrich, USA

Capture Select FcXL Affinity Matrix

Thermo Fisher Scientific, USA

CD CHO medium

CD OptiCHO medium

Cell dissociation buffer

CHO CD EfficientFeed
Coomassie Brilliant Blue R 250

Life Technologies/Thermo Fisher Scientific, US.
Life Technologies/Thermo Fisher Scientific, US.
Gibco/Thermo Fisher Scientific, USA

Life Technologies/Thermo Fisher Scientific, US.
Carl Roth, DE




Item

Provider

CutSmart buffer

New EnglandBiolabs USA

Dimethyl sulfoxide (DMSO)

Merck, DE

Distilled water (dHO)

Thermo Fisher Scientific, USA

DMEM (Dulbecc@s Modified Eagle
Medium)

Gibco/Thermo Fisher Scientific, USA

DPBS (Dul beccods Phy
Saline)

Gibco/Thermo Fisher Scientific, USA

Electroporation buffer MaxCyte, USA
Ethanol Merck, DE

Ethidium bromide Carl Roth, DE
Ethylenediaminetetraacetate (EDTA) Carl Roth, DE

Expi 293E Expression

Gibco/Thermo Fisher Scientific, USA

Fetalcarl serum (EES)

Gibco/Thermo Fisher Scientific, USA

Ficoll-Paque Plus

Cytiva, USA

Glucose SigmaAldrich, USA

GlutaMAX Life Technologies/Thermo Fisher Scientific, US,
Glycerine Carl Roth, DE

Glycine Carl Roth, DE

Granulocytemacrophage colongtimulating | CellGenix, USA

factor (GMCSF),recombinant, human

Ha mo6 s-mdditn? Lonza, CH

HT-Supplement

Thermo Fisher Scientific, USA

Imidazole

SigmaAldrich, USA

Isopropanol

Carl Roth, DE

Macrophage colongtimulating factor (M
CSF), recombinant, human

PeproTech, DE

Mc Coyds medi um

Gibco/Thermd-isher Scientific, USA

Methanol

Merck, DE

Mineral oil

SigmaAldrich, USA

Monocyte attachment medium PromoCell, DE
N, N, -tetdaacetyiéthylenediamine Merck, DE
(TEMED)

Ni-NTA agarose resin Qiagen, NL

P-3FaxNeu5Ac Gialyltransferase inhibitor)

MerckMillipore, DE

Penicillin-streptomycin

Gibco/Thermo Fisher Scientific, USA

pHRodo

Invitrogen, USA

Phycoerythrin (PEonjugated streptavidin

BioLegend, USA

Pluronic F68

Gibco/Thermo Fisher Scientific, USA

Pol ymorphPrepE

Alere Technologies, NO

Precision Plus Prot ¢

Bio-Rad, USA

RPMI 1640 (Roswell Park Memorial Institutg
medium 1640 + GlutaMAX

Gibco/Thermo Fisher Scientific, USA

Scintillation reagent Optiphase HiSafe 3

Perkin Elmer, USA

Sodium azide Merck, DE
Sodium butyrate (1 mM) Carl Roth, DE
Sodium chloride Carl Roth, DE
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Item

Provider

Sodium dodecyl sulfate (SDS)

Merck, DE

Super Optimal Broth (SO@nedium

Thermo Fisher Scientific, USA

Tetramethylendiamis(TEMED) Merck, DE
Tris(hydroxymethyhaminomethane (TRIS) | Merck, DE
Triton X-100 Merck, DE
Trypan blue solution 0.% Thermo Fisher Scientific, USA
TrypsinEDTA Gibcol/Life Technologies, USA
Tween 20 Merck, DE
X-Vivo 15 (serumfree cell medium) Lonza, CH

Yeastolate TC UF

Becon Dickson, USA

b-mercaptoethanol

SigmaAldrich, USA

Table 3: Self-made buffers and gels

Name Composition Concentration
2X YT medium 2X YT 3.1 %(m/v)
Distilled water
2x YT plates 2xYT 3.1 % (m/v)
Agar 1.8 % (m/v)
Ampicillin 1:1000
Distilled water
Glycine elution buffer (pH 3.0) Glycine 0.1 M
Imidazole buffer PBS 1X
imidazole 20 nM or 250 nM
Non-reducing loading buffer (5x) | TRIS 313 mM
SDS 10% (m/v)
Glycerine 50% (v/v)
Bromophenol blue 0.05% (m/v)
PBA buffer (FACS buffer) PBS 1X
BSA 1% (m/v)
NaNs 0.1% (m/v)
PBSEDTA buffer PBS
EDTA 0.02% (v/v)
Reducingoading buffer (5x) TRIS 313 mM
SDS 10% (m/v)
Glycerin 50% (v/v)
DTT 05M

Bromophenol blue

0.05% (m/v)

Resolving gel buffer (pH 8.0)

Distilledwater
TRIS

15M

SDSBis-Tris-polyacrylamide gel
resolving gel (1240)

Acrylamidebisacrylamide
Resolving gel buffer (pH 8.0)
SDS (10% (w/v))

APS (10% (w/v))

TEMED

43 % (v/v)
28% (viv)
0.1% (v/v)
1% (viv)
0.1% (v/iv)

SDSBis-Tris-polyacrylamide gel
T stacking gel

AcrylamideBisacrylamide
Stacking gel buffer (pH 6.5)
SDS (10% (w/v))

11% (v/v)
48% (viv)
0.1% (v/v)
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Name Composition Concentration
APS (10% (w/v)) 1% (viv)
TEMED 0.1% (v/v)
SDSPAGE running buffer TRIS 125 mM
SDS 0.5%
Glycine 1.25M
Stacking gel buffer (pH 6.8) Distilled water
TRIS 05M
TAE buffer (50x, pH 7.4) TRIS acetate 0.2M
EDTA 10 nM
TBS buffer 1X (pH 7.6) TRIS 50 mM
NaCl 500 mM
TBS-T buffer TBS 1X
Tween 20 0.05% (viv)
TRIS buffer (pH 10.0) Distilled water
TRIS 1M
Triton X 2% 1x PBS
Triton X 2% (vIv)
Table 4: Cell culture media
Name Composition Concentration
CHO culture medium CD CHO medium 1X
GlutaMAX 1% (viv)
CHO Opti-culture medium CD OptiCHO
Pluornic F68 1% (viv)
GlutaMAX 1% (vIv)
HT-Supplement 1% (viv)
D10* DMEM
FCS 10% (viv)

Penicillin/Streptomycin

1% (v/v)

Macrophage medium

X-Vivo 15
Penicillin/Streptomycin

0.5 % (v/v)

MaxCyteFeed stock

CHO CD EfficientFeed
Yeastolate Stock Solution

14% (viv)

GlutaMax 3.5% (VIV)

Glucose 12.4% (viv)
McCoy's 20 McCoy’s

FCS 20% (v/v)

Penicillin/Streptomycin 1% (viv)
R10 RPMI

FCS 10% (Vv/v)

Penicillin/Streptomycin 1% (v/v)
R20 RPMI

FCS
Penicillin/Streptomycin

20% (v/v)
1% (viv)
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Table 5: Cell lines and bacteria

Name Medium Provider
A431 (human epidermoid cancer) R10 DSMZ (German Collection of
Microorganisms and Cell Cultures),
DE
CHGO-S (Chinesdnamster ovary cells, CHOCD | Life Technologies/Thermo Fisher
epithelial) medium Scientific, USA
E. coli One Shot Top10 (bacteria) 2x YT Invitrogen, USA
E. coli XL1-Blue competent cells (bacteria) | 2x YT Stratagene, USA
Expi293 (human embryonkidney (HEK) Expi293 Life Technologies/Thermo Fisher
cells) expression| Scientific, USA
medium
MDA-MB-468 (human breast cancer) R10 DSMZ, DE
MHH-CALL -4 (human EEP-ALL) R20 DSMZ, DE
MUTZ-5 (human EEP-ALL) McCoy’s | DSMZ, DE
20
REH (humanBCP-ALL) R10 DSMZ, DE
SK-BR-3 (human breast cancer) McCoy's | DSMZ, DE
20
SK-OV-3 (human ovarian cancer) D20 DSMZ, DE
T84 (lung metastasis of human colon canc| R10° ATCC, USA
Table 6: Equipment
Item Provider
AF 206 Ice machine Scotsman, USA
Autoclave VX150 Systec, DE

BioPhotometer

Eppendorf, DE

Ceromat BST shaking incubator

Sartorius Stedim Biotech, DE

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

HeroLAB DE

Eppendorf Multipette Plus

Eppendorf, DE

EppendoriReference ® multichannel pipette 300

Eppendorf, DE

Eppendorf Reference ® pipette (2.5, 10, 20, 100, 10(
H)

Eppendorf, DE

Flow cytometer (Navios)

Beckman Coulter, USA

Galaxy MINI centrifuge

VWR, DE

Heat block

Bibby Scientific, UK

Hera Cell240 Incubator

Thermo Fisher Scientific, USA

Hera Cell 240 laminar flow bench

Thermo Fisher Scientific, USA

Heraeus Megafuge 1.0 R Centrifuge

Thermo Fisher Scientific, USA

HeroLab Transilluminator HeroLAB, DE
IncuCyte SX1 Sartorius, DE
KEYENCE B7 X800 Series KEYENCE, DE
Light microscope (Axiovert 40c/ Axiostartplus) Zeiss, DE
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Item

Provider

MAXCyte STX-Unit

Maxcyte, USA

MicroBeta TriLux 1450 liquid scintillation &
luminescence counter

PerkinElmer, USA

MicroPulser Electroporator

Bio-RadLaboratories, USA

MilliQ A10 Merck, DE
Neubauer cell counting chamber, 0.1 mm Paul Marienfeld, DE
Pipette boy Hirschmann, DE

Power Pac HC Universal Power Supply

Bio-Rad Laboratories, USA

Precisa XB 2200C scale

PESA, CH

SDS PAGE gel equipment (gel casting module, casti
stands with gaskets, casting frames, combs, glass pl
spacer plates)

Bio-Rad Laboratories, USA

Shaking incubator

Infors HAT, DE

Vortex Genie 2

Scientific Industries, USA

Water bath

Memmert, DE

Wide Mini-Sub Cell GT agarose gel chamber

Bio-Rad Laboratories, USA

Table 7: Variable regions of the Siglee9 blocking antibody

Variable Sequence

regions

MADbAVH | QVQLQQPGAELVKPGSPVKLSCKASYFTFTSYWMHWVRQRPGQGLEWIGEI
NPSNGHTNYNEKFESKATLTVDRSSSTAYMQLSSLTSEDSAVFYCANGVESY
DFDDALDYWGQGTSVTVSS

mAbAVL DIQMTQTTSSLSASLGDRVTISCRASQDINNYLNWYQQKPDGTIKLLIYYTSR
LHSGVPSRFSGSGSGTDYSLTINNLEQEDIATYFCQQGNTLPFTFGGGTKLEI

Table 8: Plasmids

Name Provider

GFP plasmid Miltenyi Biotec, DE
PENOHUSiglec 9VH Eurofins, L
PENOHU S i @®Vle c Eurofins, L

pSEC Light Chain human kappa

In-house construct (M. Peipp, Division
of Antibody-Based Immunotherapy)

pSEGHC-VH-CA8-1gG2s

In-house construct (M. Peipp)

Table 9: Enzymes

Name Buffer Provider

EcoNI CutSmart New England Biolabs, USA
Hindlll Cutsmart New England Biolabs, USA
Nhel Cutsmart New England Biolabs, USA
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Name Buffer Provider
PpuMI Cutsmart New England Biolabs, USA
Pstl Cutsmart New England Biolabs, USA
T4 DNA ligase T4 DNA ligase | Roche, CH
buffer (10x)
TrypsinEDTA (0.05%) - Gibco/Thermo Fisher Scientific, USA
Neuraminidase\(ibrio cholerae) | PBS Roche, CH
NEU-VC
Neuraminidase(lostridium PBS Roche, CH
perfingens) NELUCP
Table 10: Primers
Name Sequence Direction
Backl GCTCTCCCACTCCACGGCGATGTCGC reverse
Back2 CGTCCACGTACCAGTTGAACTTGACCTCAGG reverse
pSEGCMV GGTAGGCGTGTACGGTGGGAGG forward
pSEGREV CCTTCCAGGGTCAAGGAAGGCACG reverse
Table 11 Kits
Item Provider

Annexin V-APC/PI Kit

BioLegend, USA

Expi FectaminekE

293 Tr an

Gibco/Thermo Fisher Scientific, USA

NucleoBond Xtra Maxi Kit EF

MacheryNagel, DE

NucleoSpin Plasmid Kit

MacheryNagel, DE

QIAquick gel extraction kit

Qiagen, NL

Quantitative Analysis Kit QIFI kit

Dako, DK

Table 12: Lectins

Name

Manufacturer/Provider (Order no.)

Erythrina Cristagalli lectin (ECL), biotinylated

Vector Laboratories, USA (#81455)

Maackia amurensigukagglutinin (MAL) I,

biotinylated

Vector Laboratories, USA (#83152)

Maackia amurensis leukagglutinin (MAL) I,

biotinylated

Vector Laboratories, USA (#82651)

Peanut agglutinin (PNARE-conjugated

Vector Laboratories, USA BL-1071)

Sambucus nigra agglutinin (SNA), biotinylated

Vector Laboratories, USA (#83052)
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Table 13: Monoclonal antibodies

Name

Antigen/speciessotype/clone

Provider (order no./producer)

Anti-humanCD47
blocking antibody

CD47/chimeric IgG8

In-house construct (M. Peipp/ C.
Kellner)

Anti-humanCD16

CD16/mouse IgG1/AA2

BioLegend, USA (#302002)

Anti-humanCD20

CD20/mouse 1gG2b/SA271G2

BioLegend, USA (#152102)

Anti-humanCD22

CD22/mouse IgG1/HIB22

BioLegend, USA#302511)

Anti-humanCD32a

CD32a/mouse 1gG2b/IV.3

BioXCell, USA (#BE0224)

Anti-humanCD32b/c

CD32b/cmouse IgG1/S18005H

BioLegend, USA (#398304)

Anti-humanCD33

CD33/Mmouse IgG1/HIM34

BioLegend, USA (#303302)

Anti-humanCD38

CD38MmouselgG1/HB-7

BioLegend, USA (#356602)

Anti-humanCD64

CD64/mouse IgG1/ 4°1a

Antikodrperonline, DE
(#ABIN2145223)

Anti-humanCD89

CD89Mmouse IgG1/A59

BioLegend, USA (#354102)

Anti-humanSiglec1

Siglecl/mouse IgG1/239

BioLegend, USA (#346002)

Anti-humanSiglec10

Siglec10/mouse 1gG1/566

Thermo Fischer (#MAR8237)

Anti-humanSiglec11

Siglec11l/mouse lgG2b/4c4

BioLegend, USA (#681702)

Anti-humanSiglec15

Siglec15/mouse IgG1/MK4.5

BioLegend, USA (#164602)

Anti-humanSiglec5

Siglec5/mouse IgG1/1A5

BioLegend, USA (#352002)

Anti-humanSiglec
5/14

Siglec5/-14/mouse IgG1/1A5

Thermo Fischer (MAR8140)

Anti-humanSiglec7

Siglec7/mouse 1gG1/S7.7

BioLegend, USA (#347702)

Anti-humanSiglec8

Siglec8/mouse 1gG1/7¢9

BioLegend, USA (#347102)

Anti-humanSiglec9

Siglec9/mouse 1gG1/K8

BioLegend, USA (#351502)

Anti-Siglec9 blocking
antibody

Siglec9/ chimeric IgG3/mAbA

In-house construct (part of thesis)

Anti-humansLe®

sLe® mouse IgM/FH6

Abcam, UK(ab115957)

Anti-humansTn

sTn/mouse IgG1/sTn 219

BioLegend, USA (#368111)

CA199 higG1 CA19-9/human IgG Tacalyx, (P. Sondermann)
CA199 migG1 CA19-9/mouse IgG1 Tacalyx (P. Sondermann)
Cetuximab EGFR/chimeric 1gG1 Merck, DE

IgG1 isotype control

Unspecificmouse 1gG1/MOP&1

BioLegend, USA (#400101)

IgG2s isotype control

unspecific/chimeric IgGR

In-house construct (M. Peipp)

IgG2b isotype control

Unspecificmouse 1gG2b, MG257

BioLegend, USA (#401202)

Matuzumab

EGFR/humanized 1gG1

Merck, DE

Obinutuzumab

CD20/human IgG1

Roche, CH

Obinutuzumab IgA2

CD20/human IgA2

In-house construct (T. Valerius)

Panitumumab

EGFR/humanized 1gG1

Amgen, USA

Rituximab IgA2

EGFR/ chimeric IgA2

In-house construcil({Valerius)

Soluble Sigle€3/-5/-
7/-9/-14 Fc chimera
proteins; recombinant,
human

Siglec3/-5/-7/-9/-14 ligands/
human IgG1

R&D Systems, UK

T7 AbLec HERZ2-Siglec7 ligands/humanized| J. Stark/C. Bertozzi, Stanford
IgG1 University, Stanford, USA
T9 AbLec HER2Siglec9 ligands/humanized| J. Stark/C. Bertozzi, Stanford

I9G1

University, Stanford, USA
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Name Antigen/species sotype/clone

Provider (order no./producer)

Trastuzumab HER2/humanized IgG1

Roche, CH

Trastuzumab IgA2 HER2/humanized IgA2

J. Leusen, University Medical
Center Utrecht, NL

Trastuzumab IgG2 HER2/humanized IgG2

J. T. Andersen, Oslo University,
NO

Table 14: Fluorescencecoupled antibodies or Fc fragments

Name

Manufacturer/Provider
no.)

(Order

Goatanth u man | g G afragmenbspetific, FITE

Jackson ImmunoResearch

conjugated Laboratories, UK

Goat antihuman kappa light chain antibody, FITC Southern Biotech, USA
conjugated

Goatantmou s e | g G dragmeénbspetific, FITE ( Jackson ImmunoResearch
conjugated Laboratories, UK

Table 15; Software

Name

Manufacturer

1450 MicroBeta Workstation Software

Perkin Elmer, USA

BioRender BioRender, USA
GraphPad Prism 10 GraphPad Software, USA
IncuCyte SX Sartorius, DE

Kaluza 1.2 Beckman Coulter, USA

Keyence BZX800 series

Keyence, JPN

Microsoft Office

Microsoft, USA

SnapGene 6.1.1

Dotmatics, USA

Zotero

Roy Rosenzweig Center, USA
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3 Methods

3.1 Cell biological methods

3.1.1 Cell culture

Breast cancer (MDAVIB-468, SKBR-3), ovarian cancer (SKV-3) and ECP-ALL cell lines (MHH-
CALL-4, MUTZ-5) were obtained from the DSMZ (German Collection of Microorganisms and Cell
Cultures,Braunschweig, D). Cell lines were grown in media as recommended:-MBA68 (RPMI,

10 % FCS, 1 % Penicillin/Streptomygin MHH-CALL-4 (RPMI, 20 % FCS @ %, 1 %
Penicillin/Streptomycip SK-BR-3, MUTZ-5 ( Mc , Q0% BCS, 1 % Penicillin/StreptomyitsK-
OV-3 (DMEM, 10 % FCS, 1 % Penicillin/StreptomygimThe human cancer cell lines 8RK-3 and
SK-OV-3 were used to target HER2, while the cancer cell lines NMIBA468 to target EGFR. MUTZ

5 and MHHCALL -4 cell lines were used to target CD20. Cancer cells wdtared in a humidified

5% CQ atmosphere at 37°C arghlit when confluency reached 80%, by detaching with 0.05% v/v
trypsinEDTA for 5 min in the incubator, before detaching cells were washed with PBS to get rid of the
FCS in the cell culture medium. ICines were regularly monitored fanycoplasmanfections by using
PCRbased methods.

3.1.2 Reduction of sialic acid on cancer cell surface

Cell surface sialic acid on cancer cells was inhibited either enzymatically or pharmacologically.
Cleavage of sialic acid enzymatically was achieved by treating the cancer cells with neuraminidases
from Vibrio cholerae (NEWVC) (0.1 U/ml) or Clostridium pdringens (NEUCP) (1 U/ml) (Roche,

Basel, CH) for 1 h at 37C (PBS was used as control). To inhibit sialylation pharmacologically, cells
were incubated for 72 h at 37 °C with the sialyltransferase inhibitor (S3HaRNeu5Ad=°, which is

a fluorinated sialic acid analogue (MerckMillipore, Bngton, Massachusetts, USA) (100 pM).

3.1.3 Preparation of human effector cells

Effector cells were isolated from peripheral blood of healthy volunteers. Before blood donation,
volunteers signed a written informed consent form giving permission to use thadr fbloresearch

purposes. These experiments were approved by the Ethics Committee of the Chilistahts

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

blood mononuclear cell#BMC) and PMNwee i sol ated by centrifugati ol
density gradient. Fresh blood (7 ml) was <careful
ml tubes. Centrifugation with 2000 rpm raiom temperatureRT) for 30 min separates plasma from

blood cells PBMC and PMNdistinct layersvere separately transferred into 50 ml tubes, washed with

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

water to the pellets for 30 seconds, then 5 ml of 10X PBS wasladdalance the electrolytes. The
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PMN were centrifuged (1600 rpm, RT for 5 min) and finally resuspended in R10+ ready to be used for
ADCC at the same day. From PBMC, monocytes were isolated by adherence in monocyte attachment
medium (PromoCell) for 30 miat 37°C. Monocytes were differentiated into macrophages in serum
free X-Vivo medium (Lonza) containing 50 U/mL penicillin and&ffmL streptomycin and 50 ng/mL
recombinant macrophage colestmulating factor (MCSF; PeproTech) for 11 days to 14 dayd an

then used for ADCP.

3.1.4 ADCC triggered by monoclonal antibodies

Cancer cell lysis in ADCC mediated by PMN was analysed by performing chromiuttCB)Lrélease
assaygFigurel0). Isolation of PMN from peripheral blood of healthy donors was performed at the day
of the ADCC assay. First, target cancer cells (0.6%célls) were labelled with 250 pl radioactive

°1Cr (100 uCi) by incubation at 37 °C for 2 h. Cells were washed three times with cell culture medium
to remove excess 6fCr. In the experimental wells of a @¢ll plate, 10 pl of antibody were added at

a fixed concentration (10 pg/ml) or in a serial lifittbn from 10 pg/ml to 0.016 pg/ml. Then, 5,000
°ICr labelled cells were pipetted into each well. For ADCC, PMN were applied at an eftetztoyet

cell ratio (E:T ratio) of 40:1 (200,000:5,00 80:1 (400,000:5,0008s indicated in the figure leggs
Where indicated, PMN were pstimulated with granulocytmacrophage colongtimulating factor
(GM-CSF) (50 U/ml, CellGenix). After 3 h of incubation time at 37°C, the conteftQfin the
supernatant was measured. For that, the plate was centrdit@®0 rpm for 5 min, and 25 pl of
supernatant were carefully collected from each well and transferred to alrotioeh 96well microtiter

plate. Scintillation reagent Optiphase HiSafe 3 (150 pl) was added and the plate put on a shaker for 15
min at RT.Finally, the radioactive signal was measured with a MicroBeta TriLux Liquid Scintillation
Counter (Perkin Elmer, Waltham, MA, USA).

s B

Cancer cells internalize 5'"Chromium

@

&

&Hil[l[l[l[l
it

PMN isolation ADCC (3h)  ©J88 O scintillation b
e ,‘ —
Supernatant is Luminescence
collected reader

Figure 10: Schematic representation of the PMN ADCC experiment.
PMN, polymorphonuclear cells; GI@¢SF,granulocytemacrophage colongtimulating factor.
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The maximum amount 6tCr released by the cancer cells was obtained by adding-Xi{a00 pl; 2

% final concentration). The basal release without antibodies wasumegl to determine the cell lysis
dependent on effector cells onRCr is released from labelled cancer cells because of the cytotoxic
activity of PMN mediated by the antibodies. For each condition, triplicates were set up, a plate scheme
is shown inTable16. The specific lysis in percentage (%) is calculated by usingahes per mnute

(cpm) withfollowing formula:

oL "'Q(br‘]('ﬁ)'DéQc‘)(?i)r‘@é( OOi c'f)(‘qé(‘
Pawl H—F———r7—— WP T
aWwwQawnad wwl wq a

Table 16: ADCC plate scheme.

Maximal Basal release| Experimental
release (MR) (BR) well release
(all) ADCC only ADCC
Medium 50 ul 50 ul 50 ul
Antibody - - 10ul
GM-CSF - 50 pl 50 pl
PMN effector - 50 ul 50 ul
cells/serum
5ICr labelled 50 pl 50 pl 50 pl
cancer cells
Triton-X 100ul - -
Total volume 200ul 200ul 210ul

3.1.5 ADCP triggered by monoclonal antibodies

Live cell fluorescence imaging was used to measure AOEBure 11). Differentiated
macrophages were detached wadll dissociation buffer (Thermo Fisher Scientific) (20 min,

RT) and then seeded in a-@ll flat-bottom plate and allowed to adhere 8 min at RT.

Cancer cell membranes were labelled with thespHsitive red fluorescence dye pHrodo
(Thermo Fisher Scientific) (5 pg/ml for 1 h in PBS, at RT in the dark). Antibodies were applied
at a final concentration of @/ml and added to the adhered nogphages. Labelled cells were
added to the plate at an E:T ratio of 1:1 (20,000:20,0GMjel17). The plate was incubated for

10 h at 37 °C in thincuCyte highthroughput fluorescence microscope system (Sartorius) and
four fluorescence pictures of each well were created every 30 minutes. Phagocytosis was
determined as the fluorescent object counts per image, representing the phagocytosed cancer

cells, over time. Each ADCP experiment was performed in triplicate.
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Figure 11: Schematic representation of the ADCP experiment.
PBMC, peripheral blood mononuclear cells:3&F,macrophage colongtimulating factor.

Table 17: ADCP plate scheme.

Control Control Experimental
cancer cells macrophages well
Medium 200l 50 ul -
Antibody - - 12.5ul
Macrophages - 200pl 200pl
Cancer cells 50 ul - 50 pl
Total volume 250ul 250pl 262.5ul

3.1.6 Cell proliferation and apoptosis

Proliferation of solid cancer cells was measured by analysing the confluency over 72 h with the IncuCyte
high-throughput microscope system (Sartorius). Four phase pictures of each well were created every 30
minutes. For apoptasi 300,000 cells were treated with H)G&Ti and harvested after 72 h followed by
staining with the apoptosis antibody sampler kit (Cell Signaling Technology). Briefly, cells were washed
with 500 ¢l cold PBS, resuspended in %0 annexin V binding bufferand 2.5¢l annexin \
allophycocyanin (APC) as well assbpropidium iodide (PI) were added. Cells were then incubated for

15 min in the dark, 208l annexin V binding buffer was added, and apoptosis was measured by flow

cytometry at 617 nm (Pl emissioaid 660 nm (APC emission).
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3Met hods

3.2 Antibody cloning, production and biochemical
characterization

3.2.1 Generation of a Sigle€9 blocking antibody

An antiSiglec9 IgG2 Feknockout (KO) antibody was produced to specifically block the human Siglec

9 receptor. Th&iglec9 blocking antibody is a chimeric antibody composed of mouse variable regions
and human constant regions. The DNA sequences encoding foy ttwed\W\ regions were de novo
synthesised as PENOH vectors by Eurofins according to published sequetivesanfibody clone
mAbA The two variable regions were digested and ligated into corresponding pSEC acceptor vectors
carrying the constant regions to build the full antibody heavy and light cfiagwse 12). The pSee
HC-1gG2l vector encodes an Ig@2carrying a modified Fc domain to preventRand binding of the
complement component C1q (V234A/G237A/P238S/H268A/V309L/A330S/P331%he constant

light chain carried by thpSECGLC vector encodes for a human kappa chain.

3.2.1.1 Plasmid DNA digestion and ligation

Digestion ofvectors carrying the Yand . sequences and the corresponding acceptor vectors was
performed with the same restriction enzymes (Nhel and PpuMI for heavy chain vectors, Nhel and Hind
[l for light chain vectors) to create complementary sticky efitpufe 12A-B). The digestion reaction
(Tablel8, left pane) was carried out overnight at 37 °C with mineral oil layered on the sample to avoid

evaporation.
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A
Nhel PpuMI
EcoNI Nhel PpuMI
cMV EcoNI
] EcoNlI
i CH1|CH2| CH3 |
/ = 3 |asiglec
& |-9-VH
Amp 454 bp
pSec-HC-1gG20 (6903 bp)
PENOH-aSiglec-9-VH (2450 bp)
ACCEPTOR VECTOR DONOR VECTOR
B
Nhel HindlI1
£etl Nhel HindlI1

Pstl

pSEC-LC (6213 bp)

ACCEPTOR VECTOR
Nhel PpuMI
EcoNI EcoNI
.2 aSiglec
| 3 o CH1|CH2|CH3
Hinge

Amp :
pSec-aSiglec-9-HC-1gG2o

(6906 bp)

HC

PENOH-aSiglec-9-VL (2450 bp)

DONOR VECTOR
Nhel Hindl11
C_,MV Pstl
— S
3 | aSiglec Cx
3 |o-viL

pSec-aSiglec-9-LC
(6216 bp)

LC

Figure 12 Cloning strategy of anti-Siglec9 IgG2 FcKO antibody.

The cloning strategy was based on the digestion of the respective acceptor and donor vectors with the same
restriction enzymes to insert the leadetiSiglec9 variable regions of the donor vectors into the acceptor vectors
carrying the constant regioon$ the antibody. Restriction enzymes used for the digestion are labelled {i\yed.

The pSeeHC-I g G2d acceptor

vector

carries the constant r

without Febinding ability and has an ampicillin resistance géhmp). PENOHaSiglec9-VH encodes for the
antiSiglec9 VH. Both vectors were digested with Nhel and PpuMI restriction enzymes to generate corresponding
protruding sticky endgB) Acceptor vector pSELC carries a constant human kappa region and an dlnpic
resistance gene. PENG&Biglec9-VL encodes for the aniglec9 VL. Both vectors were digested with Nhel

and HINDIII. (C) Final cloned vectors coding for the full heavy chain (HC) and light chain (LC) of the Siglec
blocking antibodyCMV, cytomeglovirus promotor; bp, base pair.
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3Met hods

Electrophoresis of the digested DNA was performed to control for the digestion success. The probes
were coloured with 6x loading buffer and run on a 1.5 % agarose gel at 120 V for.dBmigel was

stained in ethidiumitomide (2 pg/ml) for 15 min following detection of the bands under an UV light
transilluminator. Desired vector and insert bands were cut out. The QIAquick gel extraction kit
(QIAGEN) was used to extract the DNA from the cut gel bands following the manuface r 6 s pr ot o
DNA was eluted with 3@1 H,0 and its concentration was measured photometrically at 260 nm with the
BioPhotometer (Eppendorf). Once the desired acceptor vectors and inserts of the donor vectors were
digested, isolated and purified, thegne ligated at 4°C overnightgble18, right panelfFigure12C).

Table 18 DNA digestion and ligaion reaction.

DNA digestion DNA ligation

Material Volume Material Volume
Plasmid DNA acceptor vector/ T4 DNA ligase buffer 2 ¢ |
donor vector 2 €g (10x)

2 restriction enzymes 1 ¢l + | Vector DNA 7 ¢l
SmartCut buffer 3 ¢l Insert DNA 10 ¢l
H20 add to T4 DNA ligase 1 ¢l
Total volume 30 ¢l Total volume 20 ¢l

3.2.1.2 Escherichia coli transformation and plasmid preparation

In general, transformation of the final cloned vector, was performed in EscheBchieolj bacteria
following two different approaches: heat shock and electroporation.

With the heat shock protocol, DNA competéntcoli One Shot Top 10 (Invitrogen) in vials were
transformed by incubation with &l of the ligated vectors (HC or LGInd kept orice for 30 min
following a heatshock at 42°C for 30 sec and again put on ice for 2 mingeRSMC medium were
added and incubated with shaking at 37 °C for 60 min. Different volumes (30 pl, 50 pl, aaj @00

the bacterial suspension were plated onYdxagar plates containing ampicillin (0.1 mg/ml) and
incubated in a shaker at 37 °C overnight.

Using electroporatiork. coli XL 1-blue competent cells were incubated with 10 ng (eh) plasmid

DNA for 1 min on ice and then transferred into a coldtedgoration cuvette. A short electrical shock

at 1.8 kV was performed with the MicroPulser (Btad) to transform the bacteria with the plasmid
DNA. Afterwards, 1 ml SOC medium was added, and bacteria incubated at 37 °C for 60 min with
shaking. Then %l of bacteria suspension was plated on a 2xagar plate with ampicillin to select for

the transformed bacteria.

After incubation overnight at 37 °C, single bacteria clones were picked from the agar plate and cultured
in 3 ml 2x YT-Medium with 100eg/ml ampcillin with shaking at 37 °C overnight. Two ml of the

bacterial suspension were centrifuged for 30 sec at 4,000 g at RT and the supernatant was discarded
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keeping the pellet. Plasmid DNA was extracted with KheleoSpin Plasmid Ki{MacheryNage)

foll owing the manufacturer 6s i nst reudistilléeddls.s . Pl asn
The remaining volume of bacterial suspension was cultured again in 200 ml 2x YT medium in a flask
with 100eg/ml ampicillin with shaking overnight at 3. The following day, the bacterial suspension
was collected and centrifuged for 15 min at 4,000 x g at 4 °C. Plasmid DNA was extracted from the
pellet with the NucleoBond PC EF KimMacheryNagel) and eluted with 306l H20. Plasmid DNA
concentration waseasured with the BioPhotometer (Eppendorf) at 260 nm.

Before transfection of CHO cells with the final plasmids, sequencing was performed at the Institute of
Clinical and Molecular Biology (IKMB) at the University of Kiel to make sure that no mutatitmein
antibody coding regions has occurred. Tl 8f plasmid DNA (100 ngll), 1 &l of the specific primers

were added (for VH: CMV, Rev, backl, back 2; for VL: CMV, R&napGene 6.1 doftware was used

to determine the correctness of the DNA sequences.

3.2.2 Antibody expression in CHO cells and protein purification

Following protein expression and purification method was used to produce theHige?Z blocking
antibody, as well athe CD47 1gG2 blocking antibodyand IgA antibodies produced in hoy3able

13). CHO cells were thawed and taken in culture two weeks before transfection at a cell density of 3 x
1 cells/ml, 37 °C, 6 % C@&and 95 % humidity, and rotating at 125 rpm. The day before transfection,
cell density was adjusted to 2 x®ldlls/ml. For transfection, 8 x @ells for each preparation were
transferred to 50 ml tubes (10 preparations in total). The cells were washed twice in MaxCyte
electroporation buffer and resuspended in 4 ml @00 10 preparations) buffer. 126y of plasmid

DNA were added to each preparation & HC and 60eg LC plasmid DNA). A pTM2 plasmid
containing the GFP DNA sequence (£2f) was also transfected for control. CHO cells were transfected

in the MaxCyte electroporation chamber (@@0, 400¢s|/preparation) ad directly seeded in a 1 litre
culture flask and incubated for 30 minutes at 37 °C, 6 % &@ 95 % humidity. After that, the cells

were resuspended in 150 ml CHO Gatiture medium. GFP expression was measured 24 h after
transfection by flow cytometryNavios; Beckman Coulter). Starting day one after transfection, sodium
butyrate (1 mM) was added to the transfected cells to arrest cell cycle and promote protein expression.
The cells were fed daily with 5.5 ml of MaxCyte Fegibck and regularly assesded vitality with

trypan blue.

After two weeks cell culture, the antibody was isolated from the supernatant of the CHO cell culture by
affinity chromatography using beads that bgpécificdomairsof t he anti body. The (
CH1-XL or IgA affinity matrix (1 ml) were added to the CHO cells for IgG or IgA antibody purification,
respectively, and rotated at low speed overnight at 4 °C. The following day the matrix was collected
into 50 ml tubes and centrifuged at 2,000 rpm at 4°C for 10 min. Thenstwaet was collected and

kept. The matrix with the bound antibody was transferred to afely chromatography column and
washed twice with 8 ml PBS. The protein was eluted in 10 fractions (1 ml/fraction) at pH 3.0 with
glycine following neutralisationot pH 6.0 with 250l TRIS (pH 10.0) on ice. SDBAGE was
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performed with 2% of each fraction to determine which fraction contains the protein. After overnight
staining of the gel with Coomas®eilliant Blue, the fractions that yielded blue bands in the $F2&E

were dialysed for 72 h in 2 litres PBS at 4°C. The matrix was washed again with PBS and kept in the
collected supernatant shaking at 4°C for a second protein isolation. The proteinilcgritactions

were then collected and sterile filtered using a @r@dilter. The protein concentration was determined

by UV absorbance at 280 nm using the BioPhotometer (Eppendorf).

Purified antibodies were separated by SEYSGE under nommeducing andeducing conditions using a

4-15 % precast polyacrylamide gel MIRIROTEANE TGXE, Bi oRad). After
min at constant 120 V, gels were stained with Coomd&slient Blue staining solution (Carl Roth,
Karlsruhe, DE).

3.2.3 Production of antibody-lectin chimera proteins (AbLecs)

AbLecs based on IgG1 antibodies against the human antigensateR®20 were combined with the
ECD of Siglee9 or Siglee7. The molecules were designed by J. C. Stark in the group of Prof. C.
Bertozzi at Stanford Univsity, CA, USA.

3.2.3.1 AbLec plasmid generation

For the development of IgG1 AbLecs, the DNA sequences of HERZD20 variable regions were
derived from the clinically approved antibodies trastuzumadbrituximab, respectively The AbLec
heterodimerization ahe heavy chains is achieved by introducing stemmbsinto-holesmutations in
the CH3sequence of the IgG1 Fc domdiisThe sequences of SiglécECD and Sigle@ ECD are
available onlin&3'4 Plasmids b trastuzumab and rituximabasedAbLecs were generated and
published by J. CStark=®,

3.2.3.2 AbLecsexpression andourification

AbLecs were expressed in the Expi293F system (Thermo Fisher) according to the established protocol
of the manufacturéfs. Cells were transfected with plasmid DNA at a 2:1:1 ratio of lectin:heavy
chain:light chainFive days after cell transfection, proteins were collected from the supernatant by
pelleting cells a#,000rpmfor 1 h, and filtration through a 0.2m nylon filter. AbLecswere purified

by manual gravity column using 1 ml &fi-NTA agaose resin(Qiagen 30210¥or each 50 mL
transfection volumeAbLecswere incubated with the MNTA agarose resifor 1 h at 4£C on a rotating
shakerto letNi-6xHisinteract. Alhecs and resin complex were treated in the col(prmequilibrated

in PBS)with NEU-VC (250n1i., 100 nM, RT) for 30 min toninimize AbLec aggregatiorfdue to Siglec

arm binding to sialic acids on AbLecm)d toremove unspecific protein interactions to the reSIBU-

VC was washed 5 times the column voluméth 20 mM imidazole buér. AbLecs were leited from

the NiNTA resintwice with 5 mL 250 mM imidazole buffer and both fractions were collectée

buffer was exchanged to PBS using-Bdesalting columngollowing the manufacturer's protocol
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(Amersham Biosciences). Purifiedtéibodies were separated by SBAGE under noweducing and

reducing conditions as explain&d3.2.2.

3.3 Immunofluorescence methods

3.3.1 Antibody and lectin binding

Antibody binding on cell surface molecules was performed using flow cytometindinect staining.
Approximately 100,000 cells were incubated with the primary antibody for 1 h at 4 °C, cells were then
washed 3 times with PBA and stained for 30 min at 4 °C in the dark with a secondary fluerescein
coupled antibody and measured with Nevios (Beckman Coulter) flow cytometer. Analysis of flow
cytometry data was performed with tkaluza 1.2

Cetuximab and trastuzumab (10 pg/ml, 30 min, 4 °C) were used to detect EGFR and HER2 receptors
on cancer cells. Antigen expression levels of Sijleed Fc receptors on PMN were quantified by
determination of specific aibbdy binding capacities (SABC) of monoclonal mouse antibodies
(Biolegend; human Siglet0 and-14 antibodies were purchased from Thermo Fisher) (50 pg/ml, 1 h,

4 °C) using te QIFIkit ( Agi | ent DAKO) according to the manu
soluble human SigleEc chimera proteins (R&D Systems) were used to assess the presence of Siglec
binding epitopes on cancer cells (10 pg/ml for 1 h at 4 °C).-binding human or mae 1gG1
antibodies were used as controls. Binding of human or mouse antibodies was detected using
phycoerythrin (PE)or fluorescein isothiocyanate (FIT€dnjugated goat antiuman or antmouse
Fco-specific F(ab)2 fragments (30 min, 4 °C in the darkdKdan ImmunoResearch Laboratories, West
Grove, PA, USA). Binding of the Siglex blocking antibody Z50, 50, 10, 2, 0.4, 0.08g/ml) was
assessed on 200,000 PMN and an irrelevant hug@®2i antibody (25Gg/ml) was used as a control.
Binding was detected with a mouse dmntiman kappa light chain FIF€@njugated antibody (1:20, 30

min, 4 °C in the dark) (Southern Biotech).

Glycan structures on cancer cell surfaces were detected using mottagnaanti CA19 migG1, anti
humansTnmlgG1, andantirkhumansLe’ migM and stained with FIT@onjugated goat anthouse 1gG

and IgMspecific F(ab)2 fragments (30 min, 4 °C, 1:50) (Jackson ImmunoResearch Laboratories, West
Grove, PA, USA). Biotinylated lectins (Vector Lahtories) were used for detection of
monosaccharides. Cells were incubated with biotinylated Maackia amurensis leukagglutinin | or Il
(MAL I; MAL 1), Sambucus nigra agglutinin (SNA), Peanut agglutinin (PNA), or Erythrina cristagalli
lectin (ECL) (5 pg/ml)for 30 min at 4 °C and detected with fBupled streptavidin (1:50, 30 min, 4

°C) (BioLegend).

3.3.2 Blocking activity of the Siglec9 antibody
Blocking of the Sigle® receptor by the Sigle2 antibody was assessed by its ability to block binding
of a solubk Siglee9-Fc fusion protein to cancer cells. Binding of the Sigddec protein was detected

by flow cytometry using a fluorochrommnjugated antibody against the G part. Cancer cells were
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transferred to 1.5 ml tubes (200,000 cells/Mhe Siglee9 blocking atibody (100l of 50, 10, 2, 0.4,

0.08, 0.01&g/ml) or an isotype control antibody (8@/ml) were added to the cells together wiitie
Siglec9-Fc fusion proteir(5 eg/ml) and incubated for 1 ICells were then washed three times with 1

ml PBAto. The Sglec-9-Fc fusion protein bound to the cancer cells was detectecateconjugated

goat antihuman IgG antibody diluted 1:50 in PBS was added and the cells incubated at 4°C in the dark
for 20 min. Cells were then washed again three times with 1 ml RB&spended in 400 PBA and
transferred to round bottom tubes to be analysed.

3.3.3 Microscopic imaging

Microscopic images (28 magnifications) of calcedM (10 uM, 30 min, 37 °C) labelled cancer cells

were taken using the fluorescence microscope Keyene¥ BA 0O seri es ( &saka, J PN
during phagocytosis assays were taken with an IncuCytetlhighghput fluorescence microscope

system (SartoriysFour fluorescence pictures of each well were created every 30 minutes. Phagocytosis

was determined as the red object counts (ROI) per image, representing the phagocytosed cancer cells
over time. More details on the method are described in paragraph

3.3.4 Glycan array

Glycan binding array of Sigle@-Fc protein was performed by PhD M. Brautigam at Tacalyx GmbH.
N-hydroxysuccinimide (NHS) activated glass slides (CodeLink, SurModics) were used to immobilize
glycans with a primary amine functionalizati@lycans (0.1 mM) were dissolved in sodium phosphate
buffer (50 mM, pH 8.5) for the spotting. 64 identical arrays were printed onto each slide using a
piezoelectric spotting device (Scienion). The glass slides were incubated overnight at room temperature
in a moist chamber to complete the coupling via NHS, before they were treated with ethanolamine (50
mM) in sodium phosphate buffer (50 mM, pH 9) for 1 h at room temperature. After the remaining NHS
groups were quenched, the slides were washed with(Bx) and then centrifuged to dryness (300 g,
5min). For Siglec analysis the microarray slide was blocked for 1 h at room temperatureovsieg

serum albumin BSA) (3% in PBS), washed twice with PBS and once wit®HAfter drying via
centrifugation, the slideas placed into a FlexWell 64 grid. The slide was incubated with the $iglec
fusion proteinsand the reference murine CA®%ntibody(diluted with 3% BSA in PBS) for 1 h at

room temperature in a moist chamber. The wells were washed with 0.1 %-Z&/geRBS (2x). The
secondary goat aniuman 1gG FeAF647 (Southern Biotech) was diluted 1:200 and the goat anti
mouse IgG FicF4143 (Sigma Aldrich) 1:400 in 3% BSA in PBS and distributed into the wells. After 1

h of incubation in a moist chamber at room tenagure, the wells were washed with 0.1 % Tw2en

in PBS (2x). The grid was removed and the whole slide was washed with PBS (2xa¢itk}Hoefore

the slide was dried by centrifugation. The slide was scanned using an InnoScan 1100 AL (Synopsys).

Backgraind-subtracted fluorescence intensity (RFI) values were exported for further analysis.

4 3



3.149n vivo experi ment

3.4 In vivo experiment

Thein vivoexperiment was designed by J. Leusen and performed by C. Chan and M. Jansen at Utrecht
Medical Center (UMC). Mice were maintained in the Central Laboratory Animal Research Facility of
the University of Utrecht, NL. SCID mice (CB17ABrkdcscid/lcrlicoCrIiCharles River Laboratories)

were housed in groups in a temperature and 12:12 hour light:dark cycle controlled room, with food and
water available ad libitum. The animal experiment was approved by the Animal Ethical Committee of
the UMC. MBA-MD-468 cells vere treatedn vitro with 100eM STi or DMSO for 3 days and then
labelled (15 min) with 4M (high) CellTrace Violet (CTV) fluorescent dye oeM carboxyfluorescein
succinimidyl ester (CSFE) dye (Invitrogen, Thermo Fisher Scientific), respectively. EEgative

murine Ba/F3recoverycontrol cells were labelled with 0.12M CTV (low) fluorescent dye. Cells

were mixed at a 5:5:1 ratio (MDMB-468 DMSO:MDAMB-468 STi:Ba/F3), and a total of 6 x©10

cells were injected intraperitoneally into each mouse. Inehedgt after cancer cell inoculation, a single
dose of 1&g cetuximab, panitumumab, or the respective isotype controls were given by intraperitoneal
injection, PBS was used as a control (8 mice per group). Sixteen hours later, mice were humanely
killed, and cancer cells recovered by peritoneal lavage using PBS containing 5 mmol/L
ethylenediaminetetraacetic aqiDTA). The ratio of MDAMD-468 STi or MDAMB-468 DMSO to

Ba/F3 cells was determined by flow cytometry.

3.5 Statistical analysis

At least three independent experiments were performed for flow cytoraetulgsis and functional
assayg with effector cells from different donors. Graphical and statistical analyses were performed using
the GraphPad Prisd0 softwargSan Diego, CA, USA)Statistical significance was determined using
appropriate tests as cner two-way ANOVA with Bonferroni correction, described in the figure
legends. Values were depicted as meanstahdard error of the mean (SEM) p-value below 0.05

was considered significant.
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4 Results

4.1 Sialic acid on cancer cells
Cancer cells are known b highly sialylated, and this study analyses the role of hypersialylation in

the regulation of myeloid cell activation.

4.1.1 Sialic acid expression on cancer cells

First, the expression of sialic acid on thembranef cancer cell lines was studied. As a cancer model,
two breast carcinoma cell lines were usledt are known to express high amounts of growth factor
receptors as cancer associated antigens: cell line MBA68 carries EGFR, and SBR-3 cells
express gh levels of HER2. Both EGFR and HER2 are used as targets for the clinically approved
monoclonal antibodies cetuximab and trastuzumab in cancer immunothBoegssess the presence of
sialic acid on the cell surface of these two cell lines, binding ofifferent sugar binding molecules,
lectins, was analysed by flow cytometry. Maackia amurensis leukoagglutinin MAkteferentially
recognized 2,3 linked sialic acidwhile Sambucus nigra agglutinin (SNA) bintdR,6 linked sialic
acid®(Figure13A). Both breast cancer cell lines show binding of MAL Il as well as SNgufe13B-

C). In conclusion, both cell lines express differently linked sialic acid on the cell surface, with a higher

expression fokR,3 linked sialic acid¢ompared taR,6, as shown by the higher binding of MAL II.
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Figure 13: Sialic acid is expressed on breast cancer cells.

(A) Glycan structures recognized blaackia amurensigukoagglutininMAL) Il and Sambucus nigra agglutinin
(SNA). Binding of biotinylatedVIAL 1l or SNA (5 pg/ml), detected with streptavidiRE, on MDAMB-468 and
SK-BR-3 cells. PBS was used with streptaviii as contro(B) Representative histogratfC) Mean MFI values
+ SEM of nore than 3 biological experiments are depictedepictssignificant differences (g 0.05) compared
to the controloneway ANOVA). MFI, mean fluorescence intensity; n.s., not significant.
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4.1.2 Strategies to reduce sialic acid on cancer cells

To assess if sialic acid present on the surface of the breast caltgés involved in the regulation of
myeloid cell activation, the effect of sialic acid reduction on myeloid cell cytotoxicystudied. An
irreversible cleavage of sialic acid could be achieved by enzymatic treatment of the cells with
neuraminidases from either Vibrio cholerae (NEQ) or from Clostridium perfringens (NEGP). As
shown inFigure 14A, upon treatment of cells with thevo neuraminidases, binding of MAL Il was
significantly reduced by more than 80 % in both cell lines. A reduction of MAL Il by more than 60 %
was obtained with an inhibitor of sialyltransferasgsTi), the sialic acid analogue-3FaxNeu5Ac
(Figure14A-B). Surprisingly,(2,6 linked sialic acid agdd not be reducesbo efficientlyby NEU-VC or
STi,only treatment with NELCP was able to reduce binding of SN®wever not significantl{Figure

14C). In summary, the presenceld,3 linked sialic acid on breast cancer cells could be significantly
reduced with both neuraminidases and STi, while expressidh®finked sialic could oglbe reduced

by NEU-CP.
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Figure 14: Sialic acid on cancer cells can be reduced by neuraminidaser by sialyltransferase inhibition.

(A) MAL 1l (5 pg/ml) binding on MDA-MB-468 and SKBR-3 cells is reduced after treatment with neuraminidase
(NEU) from Vibrio cholera (VC) (0.1 U/ml) or from Clostridium perfringengCP) (1 U/ml), or with a
sialyltransferase inhibitor (STi) (100 uMB) Oveday of microscopic images of live cells (green fluorescent dye,
excitation at 495 nm) and sialic acid positive cells (red fluorescent dye, excitation at 532 nm). Untreated (ctr) or
STi treated cells (STi) werstained with calcekAM (green fluorescence)nd MAL Il/streptavidinPE (red
fluorescence)(C) Binding of biotinylatedSNA (5 pg/ml) on MDAMB-468 and SKBR-3 cells after treatment
with NEU-VC (0.1 U/ml),NEU-CP (1 U/ml), or ST{100 pM). Bar plots show MAIL and SNA binding, detected
with streptavidinRPE, as mean fluorescence intensity (MFI) valteSEM. * depicts significant differences
(p < 0.05) between treateghd untreated celktr) (oneway ANOVA). More than 3 biolog@l experiments are
depicted. n.s., not significant.
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4.1.3 Sialic acid underlying glycan structures

The knowledge on underlying glycans exposed after sialic acid depletion could be of significance with
regard to patient treatment outcomesually, the glycan unit underlying sialic acid is a galactose.
Galactose residues that become exposed after tnetatheells with neuraminidases or STi can be

identified by staining with different biotinylated lectins and streptavitihusing flow cytometry.

Maackia amurensiteukoagglutininl (MAL 1) is an ambiguous lectin that has a weak affinity for

g al a c t4tnkeel to iriderlying NAcetyl glucosamine (GIcNAc). However, it preferentially binds

to that structure, when gal act'Y@igureils). Theérafokee d wi t |
and as expected, MAL | binding on NBYC, NEU-CP and STi treated MDAMB-468 cells was

reduced compared to untreated cells, however, the reduction was not signiigan¢ {5B). The

reason could be the remaining weak affinity of MAL | to the glycan structure lacking the sialic acid.

Two other lectins that have specific binding affinities to-s@tylated glycan structures were tested.

Peanut agglutinin (PNA) binds to galactosel , 3 | i n k e drigute @5A) Grehile NEA/tDIring
cristagalli l ectin ( ECLTt GIENAn Bigure 158). Afea sidiccacio se b1,
reduction on MDAMB-468 cells, the differently linked galactoses are exposed and can be detected by

an impraved binding of PNA and ECL compared to untreated céllgufe 15B). In conclusion,
neuraminidases and ST inhibition are suitable treatments to rewliceacid on cancer cell surfaces

(Figure #), which leads tancreased galactose expos(Fégure 15)
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Figure 15: Glycan structures underlying sialic acid.

(A) Glycan structures recognized and bound by the lebtaeckia amurensieukoagglutininl (MAL ), Peanut
agglutinin (PNA) and Erythrina cristagalli lectin (ECL(B) MDA -MB-468 cells were treated with neuraminidase
(NEU) of Vibrio cholera (VC) (0.1 U/ml) or ofClostridium perfringengCP) (1 U/ml), or witha sialyltransferase
inhibitor (STi) (100 uM). Biotinylated MAL | (2 mg/ml) and ECL (5 mg/ml) were detected with streptaWHin

(1:50), PNA was already coupled with PE and used at 5 mg/ml. Bar plots show lectin binding as mean fluorescence
intensity (MFI)values+ SEM. * depicts significant differences (0.05) between treateghd untreated cells
(oneway ANOVA). n.s., not significant.
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4.1.4 Effect of sialic acid reduction on cell growth and tumor antigen

expression
With respect to upcoming cytotoxicity assays with antibodies and the use of neuraminidase and STi
treated cancer cells, the effect of treatment on certain cell biological characteristics needed to be
examined. Particularlfpr an effective reduction ofalic acids using the STi, cells need to be cultured
in the presence of the inhibitor for a total of Tts For this reason, cell proliferation of MDKB-
468 and SKBR-3 breast cancer cell lines was analysed during the 72 h incubation with the ST0at a 1
UM concentration, based on previous published Warkhe confluency of proliferating cells was

measured by live cell microscopic imaging and no difference was seen between untreated and STi
treated cellsKigure16).
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Figure 16: Cell proliferation is not affected by sialyltran sferase inhibitor (STi).
Confluency measured by retithe microscopy of MDAMB-468 and SKBR-3 cells, untreatedctr) or treated

with STi (100 uM, 72 h).Three biological experiments are depictedl the mean confluency in percent is shown
+ SEM.

Furthermore, celliability was assessed by annexisrf¥?C and propidium iodide (PI) staining followed
by flow cytometric measuremenigure 17). During apoptosis, memdne integrity is lost and cells
expose phosphatidylserine on the outer lipid membranet&yannexin V binds to phosphatidylserine,
while Pl penetrates dead or damaged aelidbinds to DNA. The results show that STietated cells

have similar Annexin V and PI fluorescence intensities as untreated Egjleg17), providing
evidence that STi treatment does not tiegy influence cell viability.
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Figure 17: Cell viability is not influenced by sialyltransferaseinhibitor (STi) treatment.

(A) Representative dot plots of MDKB-468 and SKBR-3 cells stained with annexin V/PI after treatment with
STi (100 uM, 72 h) compared to untreated cédls). (B) Bar plots show theercentage of viable cells (Annexin

V negative/P| negative} SEM after STi treatment compared to untreated cells of three biological experiments
(n=3). Statistical analyses were performed with parametric paired stutistt(p< 0.05) between treatesid

untreated cellsn

.S., hot significant.

Importantly, treatment of the breast cancer cells with a neuraminidase or with the STi should not affect

the expression of EGFR and HER2 that will be used as targeting antigens in functional assays with
monoclonalantibodies. Epressionof EGFR on MDAMB-468 and of HER2 on SIBR-3 cells was

assessed by flow cytometrysing theclinically approvedantibodiescetuximaband trastuzumab

respectively As shown inFigure 18, neither EGFR nor HER2 expressioremgaltered byNEU-VC,
NEU-CP or STi treatment
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Figure 18: Sialic acid reduction treatments do not affectbinding of therapeutic antibodies to EGFR and
HER2.

(A) EGFR and HER2 expression on cancer cells treated with neuraminidase ofcVibieose (NEU-VC) (0.1
U/ml) (green or remain untreatedblue). Cells were stained with cetuximgMDA-MB-468), trastuzumab
(SK-BR-3), or IgG1 isotype controldblack all 10 pg/ml).PE-conjugated goat antiuman Fo-specific F(aby
fragments were used for detecti@nown are overlay plebr representative histograniB) Binding of cetuximab
and trastuzumab on untreated or NEG, NEU-CP, STi treated MDAVIB-468 or SKBR-3 cells.Shown arghe
mean valuex SEM of MFI of 3 independent experiments. Statistical analyses were performed wilhagne
ANOVA (p < 0.05) between taedand untreated cell1FI, mean fluorescence intensity; n.s., not significant.

4.1.5 Role of sialic acid in antibodydependent cytotoxicity mediated by
myeloid cells

4.1.5.1 Sialic acid regulates antibodydependent cellular phagocytosis

Less is known about the influence of sialic acid on antibody directed cellular phagocytosis of cancer
cells. To investigate the effect of sialic acid in ADCP, STi or DMSO control treated breast cancer cell
lines MDA-MB-468 and SKBR-3 were used as targétagure19). In addition, cells were labeled with

a pH sensitive fluorescent dye andadtured with macrophages in the presence of the therapeutic
monoclonal antibodiesetuximab (antEGFR, human Ig®), panitumumab (arttGFR, human 1gG2)

or trastuzumab (antiER2, humanized IgG1Phagocytosis was measured as fluorescent object counts
given by the cancer cells located in the lysosome of the macrophages, as shown f#MBADG8 cells

in the presencefganitumumab in the microscopic imagedrigure 19A. Phagocytosis rates for both
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cell lines and the three antibodies over time are shown in Fl§&eThe curves reveal that the ability
of macrophages to phagocytose cancer cells was significantly enhanced when cells were treated with

the STi Figurel9B). Taken together, these data suggest that sialic acid depletion can iactdasty

directed cellular phagocytosis of cancer cells.
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Figure 19: Treatment of cancer cells with a sialyltransferase inhibitor (STi) improves ADCRy therapeutic
antibodies.

Cancer cell linesveretreated withSTi (100 uM, 72 h, 37 °f; DMSO was used as contrdGFR and HER2

served as targetntigensn ADCP experiments. Cancer cells were {ireated with a pH sensitive dye to detect
phagocytosed cells in the lysosome of macrophaddasrophages as effector cells were applied at an E:T cell

ratio of 1:1. (A) Microscopic images depicting phagocytosed DMSOSihidreated MDAMB-468 cells in green

in the presence of panitumumab (10 pg/ml) over time (0 h tol®@h)Phagocytosis rates of MDMB-468 and

SK-BR-3 cells in the presence of antibodies over tifleantibodiesincluding isotype controlaere used at0

pg/ml. Results are shown as the mean percentage + SEM of the highest value of phagocytosed cells (red objects
per image, ROI) of at least 3 independent experiments with macrophages from different donors, each performed
in triplicates. Data were analyzdy two-way ANOVA. (*) depicts significant differences in the curve trend

(p ©0.05) between STi treated and DM8antrolcells in the presence of the therapeutic antibody.
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4.1.5.2 Sialic acid regulates antibodydependent PMNmediated ADCC

Previougy reported evidence exists that hypersialylation of malignant cells can reduce the cancer cell
killing activity of immune cells, including that of myeloid cé#$** Next to ADCP, the regulation of

PMN mediated ADCC by sialic acid was analysed. To this purpose, chromium release assays were
performed with PMN isolated from human ble@shd cancer cells pretreated with neuraminidases or
STi to reduce or even deplete sialic acid on the cell surface. Similar to ADCP, cytotoxicity was induced
by using the monoclonal antibodiestuximab (human IgG1) or panitumumab (human 1gG2) for the
EGFR positive MDAMB-468 cells, or trastuzumab as humal or IgG2 for HER2 positive
SK-BR-3 cells. All antibodies are clinically approved, except for the IgG2 variant of trastuzantab (
HER2 IgG2), which was a kind gift of Jan Terje Andersen, University of Oslo, NO.

In general, PMN mediated cytotoxicity against cancer cells was significantly enhanced when cells were
treated with neuraminidases or STi compared to untreatedEigils€20). This was observed with any

of the antibodies used, and the cytotoxic effects positively correlated with antibody concentrations
(Figure20). The highest increment in lysis was seen with panitumumab and STi treatedVBB¥#68

cells with a value of 64.0 £ 1.8 % compared to 8.0 £ 2.9 % in untreatdtbccells Figure 20A).
Panitumumab yielded higher lysis rates than cetuxirkaufe 20A), however, it is worth to mention

that besides differences in the isotype, the two antibodies differ in their variable regions and bind to
different, although overlapping epitoptsA better comparison to assess the ADCC efficiency of the
different isotypes can be made by analysing trastuzumab mediated ADgl@e@0B). The vaiable

regions of theanttHER2 IgG2 are the same as the approved IgGl. With tBB2Hantibody
trastuzumab, the highest increment of-BR-3 cell lysis by PMN was achieved upon NBAC
treatment with the 19G2 variant yielding a value of 81.0 £ 6.2 % cordpara 37.0 + 9.8 % lysis rate

of untreated cellsHigure20B). Enhancement of PMN cytotoxicity was also observed when sialic acids
were cleaved by NB-CP Figure20). In summary, these results demonstrate that sialic acid reduction
on cancer cells significantly enhances antibody dependent PMN mediated cytotoxicity, with human

IgG2 antibodies becoming pinularly effective.
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Figure 20: Treatment of cancer cells with neuraminidases or a sialyltransferase inhibitor improves

antibody-dependent PMN mediated ADCC.

MDA-MB-468 (A) and SKBR-3 (B) served as targetells in [>'Cr] release assays with GRISF (50 U/nh)
stimulated PMN at an E:T cell ratio of 40:1. Cancer cgéisepre-treated (grey curves) witheuraminidasérom

Vibrio cholerae (NEWVC) (0.1 U/ml) or from Clostridium perfingens (NECP) (1 U/ml), or withSTi (100uM,

72 h, 37 °Q. IgG1 or IgG2 antibodies against EGFR (cetuximab, panitumumab) or HER2 (trastuantiab,
HER2IgG2) were used at titratedncentrations (10, 2, 0.4, 0.08, 0.016 pig/amd control antibodies at 10 pdim

Shown are the mean values + SEM as percent specific lysis of at least 3 independent experiments with PMN from
different healthy donors. Data were analysed byway ANOVA, and significant differencgp<0.05 with regard

to AUC) between treated and naoreated cells (*) are indicated.
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4.1.5.3 Sialic acid regulates IgA2antibody mediated PMN ADCC

While IgG1 antibodies poorly activate PMN, the engagement of tldR Hry IgA, especially by
antibodies of the IgA2 isotype, efficiently trigger PMN activatfoim the present work, the aim was to
investigate whether sialic acid on tumor cells, similarly to IgG antibodies, alsategPMN mediated

ADCC induced by IgA2 antibodieS.he IgA2 variant based on the variable regions of the EGFR
antibody clone 225 was used in PMN mediated ADCC experiments against the breast cancer cell line
MDA-MB-468*°. The HER2 Ig& antibodyused against SIBR-3 cells, was kindly provided by
J.Leusen, Utrecht, N1°%,

The results ifFigure21 show that both neuraminidases from VC and from CP, as well as treatment with
STi were able to enhaneatrtEGFR IgA2 mediated ADCC of MDAIB-468 cells. The combination

of STi with the EGFR IgA2 antibody was able to achieve the highest cell lysis rafe® (430 %
compared to untreated cells 14.2.5 % atl0 pg/m). TheHER2 IgA2antibodyalone was already very
efficient in activating PMN against SBR-3 cells achieving 57.0 4.0 % lysis at the highest

concentration. Here, sialic acid reduction had onfyrginal effects on antiboeyependent cell lysis.
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Figure 21: Treatment of breast cancer cell lines with neuraminidases or STi improves IgA antibody
dependentGM-CSF stimulatedPMN mediated ADCC.

MDA-MB-468 and SKBR-3 served as targetellsin [5'Cr] release assays with GRISF (50 U/nh) stimulated
PMN at an E:T cell ratio of 40:1. Cancer cellsretreated (grey curves) with nheuraminidagl&U-VC, 0.1
U/ml; NEU-CP, 1 U/ml)or with the sialyltransferagahibitor (STi) (100 uM). IgA2 antibodies against EGFR or
HER2 were used at indicated concentrations and control antibodies at 10 fiyéwn are the mean values +
SEM as percent specific lysis of at least 3 independent experiments with cells fromndiffenors. Data were
analysed by twavay ANOVA, and significant differences between AUC treated andtreaied cells (*) are
indicated.n.s., not significant
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Unstimulated PMNwere then usedo reduce their cytotoxic activity and investigatheatear the
combination of sialic acid removal with trenttHER2 IgA2 performedmore efficiently against
SK-BR-3 in a GMCSF free settingHigure 22). Indeed, neuraminidases and STi treatments imduce
improved SKBR-3 cell lysis compared to untreated cells viftk highest effect at fg/ml of theantk
HER2 IgA2 when unstimulated PMN were used (untreated: 228 % lysis; NEUCP:58° 0.6 %
lysis). In conclusion,theseresults demonstrate that sialic acid reduction on cancer cells significantly
enhance$gA2 dependent PMN mediated cytotoxicity

ts
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Figure222 Reduced
PMN mediated ADCC.
SK-BR-3 served as targets [A'Cr] release assays witmstimulated PMN at an E:@ell ratio of 40:1. Cancer

cells were treated (grey curves) with neuraminidag®EU-VC, 0.1U/ml; NEUCP, 1 U/ml) or with the
sialyltransferase inhibitor (ST{LOO uM). IgA antibodies against HER2 were used at indicated concentrations and
control antiboies at 10 pg/th Shown are the mean values + SEM as % specific lysis of at least 3 independent
experiments with cells from different donors. Data were analysed bwaydANOVA, and significant differences
between treated and nareated cells (*) are indated.

U2, 3 | i-BR3eallsimproads gk antibadyddperalent uSskmulated

4.1.6 Sialic acid depletion on cancer cells improvethe therapeutic
efficacy of EGFR antibodiesin a xenograft tumor model.

Given the promising results obtaingdvitro, the effect of sialic acid removal on antibody therapy
vivowas studiedThein vivoexperimentvas plannedogether with J. Leusen, which was performed by
her group at the University Medical Center Utrecht.

In this tumor model, SCID mice xenografted WiMDA-MD-468 breast cancer cells were treated with
human EGFR antibodies of different isotypes. Before injection, MlIA468 cells were préreated

in vitro with 100eM STi or DMSO for 3 daysKigure23A). We decided to use the STi because the
reduction of sialic acidvas reported to last longer compared to neuraminitfas@ogether with
syngeneic Ba/F3 cells as recovery control, a mixed cell population of-MBA68 DMSO treated,
MDA-MB-468 STi treated, and Ba/F3 cells at a 5:5:1 ratio was injéctedhe peritoneal cavity of

SCID mice.The three cell populationgerestainedprior injectionwith various fluorescent dye€SFE

55



4 .Sli alic acid on cancer cell s

(DMSO treated cancer cells), CTV high (STi treated cancer cells), and CTV low (BAft3)cell
injection, mice were treated with one dose of the EGFR antibodies cetuximab (IgG1), panitumumab
(1gG2), or their corresponding isotype controls, PBS was used as treatment éomdrtdtal of at least

eight micein eachgroup Mice were sacrificed 16 hours later dadhor cellload in the peritoneal cavity

was analysed by flow cytometryhethreedifferent staining performeith vitro prior injectionallowed

a clear differentiation between the three cell populafibh4SO treated cancer cg]lSTi treated cancer

cells and Ba/F3) after cell recovery from thperitoneal cavity(Figure 23B). Importantly, binding of

MAL I, indicating the degree of sialic acid on the cell surfacas reduced after STi treatment
compared to DMSoth before cell injection and after cell explantation from miggure 23C),
indicating that the sialyltransferase could not recaveivo, at least during the 16 hours ekperiment

duration
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Figure 23: Xenograft tumor model for EGFR antibody therapy.

(A) Graphical scheme of the animal experiment. Human MBR:468 cancer cells were incubat@dvitro with

100¢M sialyltransferase inhibitor (Syior DMSO for 3 days prior to intraperitoneal injection into SCID mice.
EGFRnegative murine Ba/F3 cells served as a recovery control. Cells were injected together at a 5:5:1 ratio. After
injection, mice were treated with PBS or 4@ antibodies (cetuximalpanitumumab, IgG1 or IgG2 isotype
controls) and sacrificed 16 h later. Numbers of residual cancer cells in the peritoneal fluid were evaluated by flow
cytometry.(B) Gating strategy depicting MDMB-468 treated with DMSO (CSFE stained), MBB-468

treatel with STi tained withCTV high) and Ba/F3 cellsstained withCTV low). (C) Binding of MAL II (5

pg/ml) on MDA-MB-468 cells is reduced after treatment with $Tiitro prior to in vivo injection and after
explantationmean MFI values SEM; two-tailed, paired itest)
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The calculation of the MDAVB-468/Ba/F3 cell ratio after recovery from mice revealed that in the
control groups treated with PBS or antibody isotype controls no differences between DMSO and STi
treated cancer cells were observEy(re 24A). This means that the absence of sialic acid on cancer
cells by itself was not sufficient to reducencar cell growth. As expected, both cetuximab and
panitumumab significantly reduced the overall MIMB-468 cancer cell number (DMSO + STi)
compared to isotype control antibodies togetiégure 24B). Consistent to ouin vitro results, the
number of STi treated cells was significantly reduicedivo compared to DMSO treated control cells

in both mouse groups treated with either cetuximab or panitumgiRigire 24C). To conclude, the
reduction in cancer cell numbers of STi treated aeNsvoin this shorti.p. model is particularly striking

in thepresence of therapeutic antibodies, probably due to the activation of certain immune effector cells
that are present in SCID mice. However, a certain baseline clearance of human cancer cells in this

xenograft model cannot be excluded.
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Figure 24: Sialyltransferase inhibition in cancer cells improves EGFR antibody therapeutic efficacy in a
xenograft tumor model.

(A) Effect of STi treatment on cancer cell recovery compared to DMSO in groups treated with PBSpar isot
controls.(B) Reduction of MDAMB-468cell recovery from mice treated with EGFR antibodies versus RBS.
Cancer cell recovery of STreated vs DMSO treated cells from mice treated with EGFR antibodies or PBS/isotype
controls. Results are presented as the mean ratio + SEM of totatNMBA68 to Ba/F3 cells or of MBAID-

468 STi treated to DMSO treateells (n = at least 8 per groupatawere analysed by twtailed, paired-test

(A+B) andoneway ANOVA (C) and ggnificant differencesre indicatedy *. n.s., not significant.
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4.2 Functional studies of Siglecs as regulators of the immune
response

Sialic acid is ligand of the Siglecs receptor family. Siglecs are differently expressed mainly on immune

cells and most of them have an inhibitory intracellular domain that alloWinetuned regulation of

immune cell activation by sialic acid. Hypergiakion on cancer cells may exploit this interaction to

inhibit the immune cell response and evade immunosurveillance.

4.2.1 Quantitative analysis of Fc receptor and Siglec expression on human
myeloid cells

Antibody dependent cancer cell killing by PMN or nagainages is mediated by binding of the antibody

to various Fc receptors (FcR), which transmit activating signals into the immune effector cells. As such,
expression of FCR on macrophages and PMN was quantitatively analysed by flow cytometry using the
QIFI kit (Dako, Glostrup, DN) Figure25). The most expressed FCR on macrophages generated from
peripheral blood monocytes is dRila (CD32a), followed by &Rllb (CD32b), FoRI (CD64) and

FcRI (CD89) Figure25A, left panel). As expected, human peripheral blood PMN from healthy donors
were found to express high amounts ofH¢l (CD16) and lower amounts of BRlla (CD32a) and

FclRI (CD89), while FoRlIb/c (CD32b/c) and the high affinity BRI (CD64) were not expressed
(Figure25A, right panel).

Considering that Sigled and Sigleé are exclusiely expressed by Schwann cells and placental
trophoblastcellsrespectively, Sigled3 is deleted in humans and SiglEe has lostts sialic binding
capacity’, the quantitatig expression levels of the remaining Siglecsmatrophageand PMN was
analysed similarly. As shown irigure25B, among the eleven Siglecs analysed, macrophages display
largely Sigleel, -3, -7 and Sigle9. PMN express mainly Sigles, Siglee9 and Sigleel4. These
results show that the pattern of Bics expressed on human macrophages and neutrophils differs from
each otheexcept forSiglec9, which is shared by both cell populations.
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Figure 25: Expression of FCR and Siglecs on myeloid cells.

Expression of Faeceptors (FCR)YA) and SiglecsB) on M-CSF differentiated macrophages a@Gi-CSF
stimulatedPMN was analysed using the QIFI kit (Dako). Cells were stainedmati'se monoclonal antibodies

(5 pg/ml) and binding was detected with FFEGnjugated goat anthouse Fo-specific F(ab) fragments
Quantitative antigen expression levels are depicted as mean specific antibody binding capacities (SABC) + SEM
of 3 independent replicates with cells from different donors.

4.2.2 Binding pattern of recombinant soluble Sigleec proteins on cancer
cells

Fourinhibitory Siglecsthat are highly expressed on macrophages and/or PMN were assessed if they can
bind to sialic acid on cancer cells, namely SigleSiglec7, Siglec9 and Sigle€l4 (Figure 26A-B).

Siglec1 was not further studied, being an activating Sigleflow cytometry, soluble SigleEc fusion
proteins were analysed for their capacity to bind to MIB-468 or SKBR-3 cells. Both cell lines
showed significantiglec-7-Fc and Sigle®-Fc binding, while binding of Sigleb-Fc and Sigled 4-Fc

was only marginal or not detectablgqure26B). The mean MFI valuefor Siglee9-Fc binding were

71 + 30 on MDAMB-468 and 67 + 28 on SRBR-3 cells. Sigle€7-Fc binding on MDAMB-468 cells

had ameanMFI value of 151 + 77, on SIBR-3 themeanMFI value was much lower. Importantly,
treatment of MDAMB-468 and SKBR-3 celk with neuraminidases or STi resulted in an almost
complete abrogation of Siglec bindirfggure26C-D). In summary, Sigle® is a lectin that is expressed
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on both macrophages and PMN and binds to cancer Ealithhermore, treatment of cancer cells with

neuraminidases and STi is a feasible approach to reduce Siglec binding,iatJibast
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Figure 26: Binding of soluble Siglee7 and Siglee9 Fc fusion proteins to breast cancer cells can be reduced

by neuraminidase and STi treatment.

(A+B) Binding of soluble Sigled-c proteins (10 pg/ml, unspecific hlgG1 was used as control) was detected by
flow cytomdry with PEconjugated goat antiuman Fo-specific F(aby fragments.(C+D) Siglec7-Fc and
Siglec9-Fc binding (10 pg/ml) oMDA-MB-468 (C) and SKBR-3 (D) cells was reduced aftéreatment with
neuraminidases (NEWC, 0.1U/ml; NEUCP, 1 U/ml) or STi (100 uM)The mean fluorescence intensity (MFI)
valuest SEM of more than three independent replicates are shown. * indicates significant differences (p < 0.05)
compared to the untreated cells (cohéway ANOVA).

4.2.3 Generation of a Siglee9 antibody to block PMN mediated

cytotoxicity
As shown in this work, Sigle8 is expressed on both macrophages and PMN, and because it binds to
cancer cells, this lectin may negatively regulate antibdelyendentmmmune responses and may
therefore be a candidate as a therapeutic target. With the aim to analyse the impact-6fdBidgtdtN
mediated cytotoxicity against breast carcinoma cells, a S&docking antibody was generated from

published sequencé$ employing a silent Fc region (Ig@2*%. Upon eukaryotic production of the
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antibody, its puty was confirmed bySDSPAGE with subsequent CoomasEBigllant Blue staining,
showing the full antibody at 150 kDa under sreducing conditions, and a clear distinction of the heavy
chains at 50 kDa and of light chains at 25 kDa chains under reducidgicos Figure27A). Flow
cytometric studies with human PMN revealed a concentration dependent increase €9 Sigibody
binding Figure27B). FcR binding was excluded because of the inactive dig&azart of the antibody,

as could be demonstrated with an irrelevant ig@@antrol antibody. Most importaht, the Siglee9
blocking ability of the antibody needed to be verified. This was done by measuring the binding of the
Siglec9-Fc fusion protein to cancer cells in the presence of increasing concentrations of th® Siglec
blocking antibody. As shown irFigure 27C, the Sigle€ blocking antibody was able to dose
dependentlypreventthe binding of the soluble Sigl€eFc fusion preein to sialic acid expressed by
cancer cells, while the Ig@Zontrol antibody had no effect. At concentrations of 10 pg/ml and higher,
the Siglee9 antibody was able to completely block Sig8Ec fusion protein binding to cancer cells.
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Figure 27: Characterization of the newly generated Sigle® blocking antibody.

(A) SDSPAGE under norreducing (n.r.) and reducing (red.) conditions. HC, heavy chain; LC, light chain; L,
protein ladder(B) Binding of the Sigle® blocking antibody on PMN. An irrelevant IgGPantibody served as
control, an anthuman kappa LC FIT€onjugated antiody was used for detection. The mean of the mean
fluorescence intensity (MFI) values + SEM of 3 independent experiments with PMN from 3 different donors are
shown (C) Binding studies of the Sigle®@-Fc fusion protein (5 pg/ml) on cancer cells in the pree of increasing
concentrations of the Sigl&xblockingantibody.A non-binding IgGZi antibody was used as control (&@/ml).

The Siglee9-Fc fusion protein was detected by a goat-hathan IgG PEconjugated antibody. Mean MFI values

+ SEM of 3 independent experiments are sholdata were analysed by tweay ANOVA, and * indicates a
significant difference in binding.
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On a functional level, the blocking activity of the Sigi@cantibody was examined in antibedy
dependent PMN mediated ADCEi@ure 28A). Two breast cancer cell lines and antibodies against
EGFR (panitumumal)r HER2 (trastuzumab) were evaluated.

The Siglee9 blockingantibody was able to increase the mean lysis rate of MRBA468 cells mediated

by panitumumab from 29.% 6.0 % to 43.2t 6.1 % Figure28B). Lysis rates of SKBR-3 cells with
trastuzumab as IgG1 were inased from 8.& 1.1 % t016.5 £ 1.9 %gsimilar results were obtained
with theant-rHER2 1gG2 Figure28C-D). Remarkably, the increase of lysis rates in the presence of the
Siglec9 blocking antibody tended to be less pronounced than with sialic acid depletion of cancer cells
by neuraminidaseeatment. Here, theean specific lysis rate upon neuraminidase treatment was 56.7
+ 8.8 % for MDAMB-468, 25.0 + 6.8 % for SIBR-3 with trastuzumab 1gG1, and 21.3 + 4.6 % with
anttHER?2 1gG2. The Siglec9 blocking antibody was also able to enhance canebrlysis in
unstimulated PMN ADCCsjmilar toFigure22) in combination with trastuzumab IgA2 antibody from
9.2+ 2.5% to 17.4 = 4.4 % lysigigure 28E). This finding may indicate that Sigl€cis a negative
regulator of PMN activity in ADCC, at least wheng¥eceptors on PMN are engaged, but additional

checkpoint molecules on myeloid effector celgpeardo contribute.
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Figure 28: Siglec9 blockade on PMN improves ADCC.

(A) Graphical representation of PMN mediated ADCC with SiglddockadePMN ADCC of MDA-MB-468 or

SK-BR-3 with panitumumab (pani IgG2B) (10 pg/ml),trastuzumab (tras IgG1) (10 pg/nig), antrtHER?2 1gG2

(2 pg/ml) (D), anttHER2 1gA2 (1 pg/ml)(E) in the absence or presence of the Si§lddocking antibody (20

pg/ml) in comparison to neuraminidase treated cancer cells {§EJU0.1 U/ml). The specifitysis rates of at

least 3 independent experiments with different donors are displayed as mean values (%) + SEM. Data were
analysed byneway ANOVA. Significant differences (*) are indicated; n.s., not significant
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4.3 Double checkpoint inhibition

SIRRJ is a major immune checkpoint molecule expressed on myeloid, @ils inhibition of the
SIRRJCDA47 axis combined with therapeutic antibodies has been shown to be associated with a
beneficial outcome for patieitg’ Based on the hypothesis that the reduction of sialic acid combined
with CD47SIRPU axis blockade may further enhance antibody dependent cytotoxicity compared to
single immune checkpoint blockade alone, ADCP and ADCC experiments with two carcinoma cell lines
and EGFRor HER2 antibodies were performed.

The HER2 positive ovarian cancer ldate SK-OV-3 showed very low lysis rates (< 10 %) in PMN
ADCC with the antibody trastuzumab up to 10 pg/wihich could not be increased by reducing the
sialic acid levels on the cancer cefagure29A). SK-OV-3 cells have a substantial expression of CD47
(Figure 29B), which was blocked in ADCRind ADCC experiments with a CD47 blocking 1gG2
antibody with a nofiunctional Fc part (IgG2) (Figure 29C) While STitreatment was inefficient in
enhancing at least ADCC of SBV-3 cells, untreated cancer cells undergo higher rates of phagocytosis
(360° 3 ROI, Figure29D left panel) and cytotoxicity (22 14 % lysis Figure29D right panel) when
CD47alonewasblocked. Combination of CD47 blockade and sialic aerdoval by STi significantly
improved this benefit Figure29D; ADCP: 41T 12 ROlI, left panel; ADCC: 298 % lysis, right panel).
MDA-MB-468 cells were also tested for thgact ofdouble checkpoint inhibition. MDAMB-468 also
express CD47Higure 29B) and alsoin this case, ADCP and ADCC by panitumumab were both
enhanced when the double combination of sialic acid removal and CD47 blecksalgplied Figure

29D; ADCP: 1294° 15 ROlI, left panel; ADC: 77° 10% lysis, right panel). Surprisingly, Siféatment
induced better phagocytosis and cytotoxicity together with panitumumab compared to CD47 blockade
with panitumumal§Figure29D, lower panels Unexpectedlythe double checkpoint inhibition was able

to induce phagocytosis and cytotoxicity of MEMB-468 cells even with an unspecific isotype control
antibody (e.g. ADCP: 6616,7 ROI;Figure29D left panel).

Together, sialic acid removal combined with inhibition of the Gi347 RP U a x id antibodpp r o v e
dependent cellular phagocytosis and PMN mediated cytotoxicity against EGFR and HER2 positive

cancer cells compared to blockade of either immune checkpoint alone
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Figure 29: Double immune checkpoint inhibition enhances ADCP and PMN ADCC.

(A) ADCC with GM-CSF (50 U/ml) activated PMN in the presencénafeasing concentrations of trastuzumab
against DMSO and sialyltransferase (STL)@ pM) treated SKOV-3 cells; E:T ratio = 40:1The specific lysis
rates of at least 3 independent experiments with different donors are displayed as mean values (%4B} SEM.
CD47 expression on SRV-3 and MDAMB-468 cells assessed by flow cytome(fy) Schematic representation

of the experimental setufD) Left panels: ADCP Macrophages as effectors were applied at an E:T cell ratio of
1:1. Right panelg>'Cr] release assays with GRISF (50 U/nt) stimulated PMN at an E:T cell ratio of 40:1. SK
OV-3 andMDA -MB-468werepre-treated with the ST{100 uM). Therapeutic antibodies were used at 10 ug/m
and the CD47 blocking antibody 20 pg/m. Shown are the mean values + SEMt@s red counts per image
(ADCP) and% specific lysis(ADCC) of at least 3 independent experimewith cells from different healthy
donors. Data were analysed by tway ANOVA, and significant differences (p < 0.05) between CD47 block (8)
and STi treated and ndreated cells (#), as well as isotype control vs. specific antibody (*) are indit@®gd.
trastuzumab; pani, panitumumab; n.s., not significAbt.antibody; FOR, Fgreceptor.
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4.4 Sialic acid depletion improves PMN mediated ADCC against
hematological malignancies

Monoclonal antibody therapy is an important option in the therapgmifatological malignancies. The

sialic acid/Siglec axis may impact PMN activation, therefore the effect of sialic acid reduction on PMN

mediated ADCC was also tested in the context of hematological céinaaced by the Clinical

Research Unit CATCH ALL (KO 5010) The BCPRALL cell lines MUTZ-5 and MHHCALL -4 were

chosen as tumor modeto evaluate the cytotoxic effects of the CD20 antibodies rituximab and

obinutuzumab as IgG1 and their IgA2 variants.

The expression of CD20 on MUTZ and MHHCALL-4 cells ly flow cytometry is shown irrigure

30A. Both cell lines carry sialic acid on their surface membrane as demonstrated by lectin binding,

however binding of MAL Il was more pronounced than SNA binding, meaningthatlinked sialc

acid prevails ovea2,6 linked sialic acidRigure30B). Siglec binding ligands on the tumor cells were

identified by flow cytometry using a panel séluble Sigledg=c fusion proteins. Among them, only

Siglec7-Fc and, to a smaller degree, SigieEc were found to bind to MUTE and MHHCALL-4

(Figure30C). The binding of Sigle@-Fc and Sigle®-Fc could be reduced by treatment of the tumor

cells witha sialyltransferase inhibitoiHgure30D).
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Figure 30: BCP-ALL cell lines express CD20 and sialic acids.
(A) MUTZ-5 and MHHCALL -4 cells were stained wittD20mouse monoclonal antibgd5 pg/ml), detected
with FITC-conjugated goaantrmouse Fgo-specific F(ab) fragments. Ctr, isotype control representative
histogramis shown(B) Binding of biotinylatedMAL Il or SNA (5 pg/ml), detected with streptavidifE. Ctr,
PBS control A representative histogram is shaW@) Binding ofsoluble Sigleec proteins (10 pg/ml), detected
with PE-conjugated goat antiuman Fo-specific F(ab)fragmentsAn isotype IgG1 was used as control (cfi))
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Binding of Siglee7-Fc and Sigle®-Fc (10 pg/mlwas reduced aftareatment of tumor cells wit8Ti (100 pM)
or DMSO. An isotype IgG1l was used as control (d#fean MFI valuest SEM are shown in the bar plots.
* indicates significant differences (p <08) compared tatr (C) orDMSO treated cell§D) as analysed bgne

way ANOVA. Three biological experiments were performed.

In ADCC assays with PMN, the IgA2 variants of rituximab and obinutuzumaeneral performed
better than theespectivelgG1 antibodies Kigure 31). Compared to IgG1l mediated ADQEigure

31A), galic acid removal on the tumor cells by STi resulted in an increasell lysis rates using the

IgA2 isotypes Figure31B). Aspreviously reportedhe IgA2 variant of obinutuzumab performed better
ADCC than the rituximab IgA2Rigure31B)*%2 Taken together, these results implicate that sialic acid
on the tumor cell membrane regulates IgA2 antibody mediated PMN cytotoxic activity, and that its
removal may be a good strategy to further enhance PMN mediated ADCC.
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Figure 31 Treatment of BCP-ALL cells with a sialyltransferaseinhibitor improves PMN mediated ADCC
with IgA2, but not IgG1 antibodies.

BCP-ALL cell lines MUTZ-5 and MHHCALL -4 served as targetllsin [3'Cr] release assaysth GM-CSF (50

U/ml) stimulated PMN at an E:T cell ratio 80:1. Tumor cells weretreated with the sialyltransferase inhibitor
(STi) (100 uM) or DMSO as control. IgG{A) and IgA2 (B) antibodies against CD20 and isotype control
antibodies were used at 1@/ml. Specific lysis rates (%) are shown as the mean values + SEM of at least 3
independent experiments with effector cells from different donors. Data were analysedvogytWdOVA, and
significant differences (p < 0.05) between treated and DMSO treatks (*) are indicated.
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4.5 Antibody-lectin chimeras

As a potential therapeutic approach to target tumor associated antigens simultaneously with glycans on
the surface of cancer cells, C. Bertozzi ar@. Starlat Stanford University, CA, lva developed IgG1
antibodylectin (AbLec) chimerdg®. These molecules are bispecific proteins that carry a Fab fragment
of an antibody on one armand the extracellular domain (ECD) of a Sigtecthe other arm, botbf

which are fused to an Fc domaiRigure 32A). The heterodimerization of the AbLec is achieved by
usi n dcknobsmte-hofe® engi neer MnThis apgraathcandists m gngineering the CH3
region of the Fc domain creating a knob and a hole d&arkniob (antibodgrm) is created by replacing

small amino acid side chains with larger ones, while the hole (Siglec) arm is created by replacing large
amino acids with smaller ones. As a result, the knob and hole chains preferentially bind togethgr formin
a heterodimeric Fc part. As preof-concept, AbLecs, created byCJ.Stark at Stanford, carry the
variable regions of trastuzumab against HE&R® the ECD of either Sigletor Siglee9 (T7 and T9,
respectively). The three chains forming the AbLecsraagle visible after reduction of the disulfide
bridges in SDSFPAGE: the Sigle@arm as a 75 kDa band, the Ig heavy chain at 50 kDa, and the Ig light
chain with the size of 25 kD& igure32B).

Antigen binding Sialic acid kbDa L tras T9 T7
domain binding fiomain
‘ i 250
150 - 75 kDa
100 s =
/ 75 -
ECD
Siglec-7 or-9
50 B e -
KiH-Fc 50 kDa
iH-
37 W
AbLec
Highaffinity \
glycan binding 25 25 kDa

Figure 32 Structure and SDSPAGE of an AbLec.
(A) Schematic structure of the molecylB) SDSPAGE under reducing conditions of trastuzumab (tras)rasd
Siglec7 (T7) andtras Siglec9 (T9) AbLecs. KiH,knobsinto-holes ECD, extracellular domain; L, protein ladder.

The binding of the T7 and T9 Alecs on SKBR-3 cells in comparison to trastuzumab was analyzed by
flow cytometry Figure33A). Compared to trastuzumab thie same concentrations, AbLecs showed
slightly higher binding to SKBR-3 cells, probably because a higher number of antigen molecules
(HERZ2 and sialic acidhre available for Abec binding Figure33B).
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Figure 33: Binding characteristics of AbLecs on tumor cells.

Binding of AbLecsand trastuzumab to SBR-3 cells was measured by flow cytometry, for detection an anti
human IgG FITGconjugated antibody was usg@d) Schematic representation of the experimental s€Rip.
Binding of T7 and T9 AbLecs compared to trastuzumab. Ctr Abypectr; ctr 7 AbLec, isotype ctr with a Siglec

7 arm. Shown are the mean MFI valdeSEM of three biological experiments

AbLecswere compared to trastuzumab in their ability to mediate cancer cell lysisBRSKcells in

PMN ADCC. Both T7 and T9 AbLecs induced higher cancer cell lysis at 100, 25 and 5 nM compared
to trastuzumab in PMN ADC®y 5 different healthy donorg-{gure34A). Remarkably, the lysis rates
obtained with the T7 and T9 AbLecs as single molecwiere even higher than the combination of
trastuzumab vih a second sialic acid binding Sigléd¢-c or Sigleed-Fc protein Figure34B). Even
further enhancement of cancer cell lysis mediated by AbLecs etéesvad by combining the AbLecs
with the previously use@D47 Fc-silentblocking antibody Figure34C). The combination of the CD47
blocking antibodywith AbLecs performed higher lysis compared to its combination with trastuzumab.
An AbLec based with unspecific variable regions carrying the SiglE€CD was used as isotype control.

In this case, CD47 blocking antibody was not able to induce any unsmaeiter cell lysissuggesting

the combination of sialic acid and CD47 blockade in PMN ADCC as a promising ap§Foguote
34C).
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Figure 34: AbLecs efficiently induce antibody-dependent PMN mediated ADCC of cancer cells.

SK-BR-3 served as targets [iPlCr] release assays with GRISF (50 U/nh) stimulated PMN at an E:T cell ratio
of 40:1. Molecules combinations are specified in the left pandls) Lysis rates induced by Akecs and
trastuzumab. Antibodies/AbLecs were titrated (100, 25, 5, 1, 0.1 nM) and co@@toldl, isotype ctr; ctr 7
AbLec, isotype ctr with a Sigle¢ arm) used at 100 nM(B) Lysis rates of AbLecs vs trastuzumab (25 nM)
combined with Sigled-c proteins (62.5 nM)C) Lysis rates of trastuzumab and AbLecs combined wiltbd7
Fc-silent blocking antibody (2Qug/ml). Shown are the mean values + SEA#B) or single valuegC) as %
specific lysis of at least 3 independent experiments with cells from different healthy donors. Data were analysed
by twoway ANOVA, and significant differencebetweensamples(*) and between different CD47 block

combinations (#are indicated.

ts

In order to test the efficacy of the AbLecs in blocking the binding of Siglecs, PMN ADCC experiments

were performed in which the AbLecs were compared to the cytotoxic activity of trastuzumab on

neuraminidase treated cellgure35). Surprisingly, the combination of neuraminidase treatment with

trastuzumab was more efficient than single AbLec molecltaguie 35A). Since neuraminidase

treatment cleaves all Siglec ligands on timaor cell surface, the combination of T7 and T9 AbLecs

should achieve similar lysis rates asstuzumab with neuraminidase treated cells. As expected, the T7
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and T9 AbLecs combined yielded higher lysis rates than the AbLecs as single agents and comparable
lysis rates to trastuzumab on neuraminidase treated Eigle¢ 35B). However, while this was seen at

the highest concentrations (100 nM) of the AbLecs and trastuzumaht(282% lysisvs 50.3+ 1.7

%), at lower concentrations trastuzumatediated ADCC on sialic acid depleted cells was still

significantlyhigher(ECso = 0.5 nM) than the AbLec combination (k& 3.5 nM) Figure35B).
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Figure 35 Comparison of AbLecs with trastuzumab and neuraminidase treatment in PMN mediated
ADCC.

SK-BR-3 served as targets [iflCr] release assays with GRISF (50 U/nh) stimulated PMN at an E:@ell ratio

of 40:1.Moleculescombinations are specified in the left panés. Cell lysis rates of AbLecs and trastuzumab
(25 nM) with neuraminidasdreated cells (NEWC, 0.1 U/ml). (B) Lysis rates of the AbLec T7 and T9
combination vs trastuzumab pIN&U-VC treatment. AntibodieandAbLecswere titrated (100, 25, 5, 1, 0.1 nM)
andtheisotype control used at 100 nl8pecific lysis rates (%) are shown as the mean values + SEM of at least 3
independent experiments with effector cells from different doizata were analysed by tweay ANOVA, and
significant differences between samples (*) are indicate8).

Additionally, when the AbLecs were used in ADCC experimag@insineuraminidase treated cancer

cells, the differences in cell lysis rates between trastuzumab and the AbLecs disappeared, and all
molecules performed similarly well in PMN mediated ADCC, especitltiie highest concentration
However in this casetrastuzumab hadlawer ECso compared to the AbLecs ((#50.4 % vs T9: 2.5 +

0.3%; T7:1.5 £ 0.3%(Figure36).
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Figure 36: Comparison of AbLecs with trastuzumab in PMN mediated ADCCagainstsialic acid depleted

cancer cells.

NEU-VC treatedSK-BR-3 cells served as targets [fCr] release assays with GRISF (50 U/nh) stimulated

PMN at an E:T cell ratio of 40: Experimental setup ispecified in the left panel. Antibodiesid AbLecswvere

titrated (100, 25, 5, 1, 0.1 nM) and contaoltibodie$AbLecused at 100 nM. Shown are the mean values + SEM

as % specific lysis of at least 3 independent experiments with cells from different healthy donors. Data were
analysed by twavay ANOVA, and significant differences between samples (*) rmdeated.

With the aim to evaluate the cytotoxic capacity of AbLec chimeras in ADCC against hematological
tumor cells, rituximalbbasedAbLecs with the ECD of Sigleg (R7) and Sigle® (R9) were generated

by me at Stanford UniversityRituximab AbLecs sbwed a band at 150 kDa in SBRAGE, while
reduction of disulfide bridges of the AbLecs yiettthe three chains comprising the Siglec arm with a
molecular weight of 75 kDa, the Ig heavy chain viiéhkDa, and the Ig light chain with 25 kDieidure
37A). Binding of the R7 and R9 AbLeasgas assessed by flow cytometry and compared to rituximab
and SigleeFc proteins on the BGRLL cell line MUTZ-5 expressing CD20~gure37B). The AbLe

R7 showed the highest binding to MUBZcellsbecause of the high expression of Sigleligands
(Figure 30C)while the doselependent binding curve of R9 is equal to rituximab. Sigleproteins
have lower binding affinities than rituximab and the &bk Interestingly,similar to rituximablgG1
(Figure 31A)alsorituximab AbLecs were not able to induce any PMN ADCBGP-ALL cells Figure
370C).
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Figure 37: Generation and functional studieswith rituximab based AbLecs.

(A) SDSPAGE gel ofrituximab-Siglec7 (R7) andrituximab-Siglec9 (R9) AbLecsunder noareducing(n.r.)and
reducing(red.) conditions.Shown are the mean MFI valuesSEM of three biological experiment&) Binding
of different concentrations of AbLecs, rituximab and Sigtecproteins on MUTZ BCRALL cells, measured
by flow cytometry, detected by aftuman IgGFITC-conjugated antibody(C) Cell lysis rates in PMN ADCC.
MHH-CALL -4 and MUTZ5 cells served as targets [itCr] release assays with GRISF (50 U/nh) stimulated
PMN at an E:T cell ratio 080:1. Antibodiesand AbLecswere titrated (100, 25, 5, 1, 0.1 nM) atia control
antibods used at 100 nMShown are mean values + SEM as % specific lgbthree independent donors (n=3)
Data were analysdaly two-way ANOVA, and significant differences between samples (*) are indicated.

Taken together these results show that trastuzibaaed AbLecs are efficient antibody formats to
induce PMN mediated ADCC of HER2 positive cancer célls the other handjtuximab based
AbLecs did not induce PMN mediated ADCC, howewer faronly two cell lines weretested. These
molecules require furthdéunctional evaluation
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4.6 Potential ligands that regulate PMN ADCC through Siglee9

In the following paragraphs, thedas is laid on the identification 6gands for Sigleed and Sigle€7,
as potential targeting antigens on cancer cells to improve PMN antibedited cytotoxicity.

4.6.1 Siglec9 binds tosynthetic cancerassociated carbohydrate antigens

Dr. Brautigam from Tacalyx employed a broad paslgplementaryigurel, Supplementaryigure

1), of 32 chemically synthesizedimorassociated carbohydrate antigens (TACA) to analyse for binding
of soluble Sigle€- and Sigleer-Fc fusion proteingn this glyca array, Sigle€©-Fc (black) was found

to predominantly bind tdive TACA, including sialyl-Lewis-A (sLe*, CA199), sialytThomsen
nouvelle (sTn) and siabtlewis-X (sLe*), but not or only weakly to the other tested sialoglyc&itgife

38). Siglec7-Fc did not bind to any of the TACA (data not showmmunofluorescere analyses with
specific mouse antibodies against CA4,8Le* and sTn demonstrated that MEMB-468 and SKBR-

3 cells express low levels of CAB) high levels ofsLe’ and do not express sTRigure 39A-B).
Together, these results suggest ghat or CA19-9 could be putative ligands for Sigt&¢but their role

in regulating PMN mediated cytotoxicity requires further studiespite ofsLe* high expression on
the breast cancer cells, no suitaslle® human IgG antibody is available commercially so far, directing
the study to focus on CA19.
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Figure 38: Siglec9-Fc binds tosynthetic cancer associate¢arbohydrate antigens.

Tumor associated carbohydrate antigens (TAQ#)h O-glycosylation structure bound to an amipentanol
linker were analysetbr their ability to bind soluble Sigle@-Fc (black,100 pg/ml). Reference antibodA19-9
(grey,0,01 pg/n) binds only to CA199. Shown ar¢ghemean values +/SEM ofthreeindividual experiments. In
each experiment, six data points for egtytanwere collectecandup totwo data pointsvere excluded if the
background was too high.
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Figure 39: Breast cancer cell lines express Siglexbinding TACA.

Expression of CA19, salyl Lewis X (sL€¥) andsialyl-Thomsernouvelle(sTn) on MDA-MB-468 and SKBR-3
cells was analysed by indirect flow cytometry. Binding of primary antibodédirCA19-9 migG1, antisTn
mlgG1lor antisLe® migM, 10eg/ml) were detected with FIT-€onjugated goat anthouse IgG and IghMspecific
F(ab} fragments. Ctr, FITC-conjugated goat anthouse IgG and IgMpecific F(aby fragments (A)
Representative histograms tbfeereplicates are showiiB) Bar plots show mean fluorescence intensity (MFI)
valuest/- SEM ofthreeindividual experimentén=3). * depicts significant differences 0.05)compared to the
control(oneway ANOVA). n.s., not significant.

4.6.2 Targeting CA19-9 improves PMN ADCC of CA19-9 positivecancer
cells.

To further analyse CA19 as putative ligandf Siglec9, a CA19-9 positive cell linavas chosenT84

is a cell linederived from lung metastas of a colon cancer patiétt Via flow cytometry, the
expression o€A19-9 was testedn T84 cells Figure40A). To analyse the importance of CA®9T84
cells were treated with a neuraminidase to reduce €A&@oression othe cell surfaceRigure40A).
Next, CA199 was testeds target ligand in PMN ADCC. T84 cells were lysed more in PMN ADCC
driven by the human CA19 IgG1l antibody compared tonairrelevantisotype control, and
neuraminidase treatment of T84 cetlspwed lessell lysis probablybecause dbwer antibody binding
(Figure40B). The same benefit of lysis was achieved also by combthm@A19-9 antibody with a
myeloid checkpoint blockadé-igure40C). CD47 blocking antibody with a nefiunctional Fc part to
prevent unspecific lysis was used to inhibit the interaction between CD47 on T84 cells atbSIRP
PMN. The combination of these two strategies furtherawgd the lysis of T84 cells in PMN ADCC
of CA199 antibody monotherapy. These results suggest that ©A4%@ putative ligand to target

orderto activate PMN against cancer cells.
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Figure 40: CA19-9 is a cancer associated carbohydrate antigehat can be targeted to improve®PMN ADCC.
(A) Expression of CA1® as analysed by flow cytometwyith an anti (h)-human CA199 migG1(10 g/ml)
detected with FIT&onjugated goat anthouse Fo-specific F(ab) fragments on untreated and neuraminidase
(NEU-VC, 0.1 U/ml) treated T84 cellfRkepresentative dot plotge showr(left panel) The reduction of CA19
expressiorafter NEU treatmenbn gatedT84 cellsasmean % values SEM of three indepndent replicates are
shown(right panel) Significant differencegalculatedvith parametric paired studentdst(p < 0.05)are indicated
(*). (B+C) T84 cells served as targetq?Cr] release assays with GRISF (50 U/nh) stimulated PMN at an E:T
cell ratio of 40:1 (B) Effect of theantthuman CA19 higG1 (10 eg/ml). (C) Combination of theantirhuman
CA19-9 higG1 with the CD47 blocking antibody (20y/ml). Significant differences (p < 0.0%e indicatedanti
human CA19 higG1 vs. isotype ct(*) and NEUtreatment (B) oiCD47 block(C) are indicated#) (oneway
ANOVA). Shown are mean values + SEM as % specific lysthree independent donors (n=3).
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