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Summary

Summary

The innate immune system provides an immediate response to infadtion can be
activated via differentrecognition moleculesallowing specialized immune cells to
recognize but also to phagocytose and eliminate a wide range of mickdesn
granulocyts express a peculiareceptor the carcincembryonic antigenrelated cell
adhesionmolecule3 (CEACAM3). This membrane protein iesponsible for initiating the
opsoninindependent recognitiorphagocytosisand killing of a limited set of human
specific gramnegative bacteriaCEACAMS3 harbors aheni-immunoreceptortyrosine
basedactivation motif (Hem-ITAM) which after phosphorylatio by Src family Kinases
serves as dockingsite for SH2domain containing proteing his study provideghe first
evidence of a specific role of Tec kinase in tlostinnate immune responsé neutrophils
against bacterial infectiorJpon phosphorylatiomf the HemITAM of CEACAMS, the
SH2 domain of Tec kinasedirectly binds to the phosphorylated HdMAM and gets
recruited tothe site of bacterial phagocytosiBunctional experimentshowed thatTec
kinaseis essential anthaximizes HerTAM signaling for efficient CEACAM3mediated
bacterial uptakeand actin reoganization as well as contributing the clearance of
CEACAM-binding bacteria such &¢eisseria gonorrhoeae

To this day, lhe $udy of the granulocyte CEACAMBas been limited due to the lack of a
suitablein vivo standard model sudis the mouse. Tmvestigatethe in vivo role of this
innate immune receptor in controllingfection and to shed light on the CEACAM3
signaling we generated a humanizttednsgenic mouse model CEACAM3 fluorescently
mKatetagged Although the human transgeneesulted in a successful germ line
transmissin to the first generationpur results demonstrated that the integration of
CEACAMS into the mouse genome resulted im@functional transgene. Strikingly,
protein expression of CEACAM3 or the mKatporter as well as CEACAM3 mRNA
were undetected in neutrophils from transgenic mice. Our data suggest that the only
surviving founder animal could have inserted the transgenassetteat a silent locus,
allowing it to surviveby repressing transcription of CEACAM3o circumvent a possible
lethality of this gene, we recommend tlgeneration ofa conditional and inducible

humanizedCEACAM3mouse for future investigations.
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Summary

In contrastto CEACAM3, the functionof a closely related protein, CEACAM4s
currently unknown. CEACAM4 is the orphan receptor of the CEACAM family and
particularly, as CEACAMS, it encompasses an ITAké sequence in the cytoplasmic
domain.By generatingchimeric proteins containing the extracellulsinding domain of
CEACAMS fused tothe transmembrane and cytoptas part of CEACAM4 (chimera
CEACAMS3/4), we could overcome the lack of a ligand. Interestingly, the intracellular
motif of CEACAM4 was able to tgger bacterial uptake of binding bacteria. Phagocytosis
of bacteria was accompanied by tyrosine phosphorylation of CEACAM4 which was
dependent on the integrity of the cytoplasmic ITAM sequence. After Src phosphorylation
of tyrosine residues, the ITAM of GE2AM4 were associated with SH2 domain of
cytoplasmic proteins involved imsignaling processes during phagocytosis. Here we
demonstrated that this orphan receptas phagocytic funion which prompts efforts to

identify potentialigands.

Theinvestigation of CEACAM%as been neglected mainly duethe lack of abona fide
ligand, therefore, we aimetb screen for a&ommensabacterid ligand of CEACAM4
within the humargut microbiota Human stool samples were used to enrich CEACAM4
binding baderia by an ati-GFP magnetic beadolation, using GFP soluble fusion
proteins of the Nerminal domain of CEACAMA4. After 16S rRNA gene sequenaiifg
associated bacteridata were analysed ljuster analysis of sequences (CLANS the
SILVA databaseBioinformatic analyses revealegexies ofPrevotella Clostridialesand
Selenomonadaleas potential CEACAMInding bacterialUnexpectedly, bacterialpull-
downscould not confirm binding of the commensal bacteria to CEACAM4addition,
we discuss podsie improvements ofthe used sap. The possibility of another type of
associated microorganism such as fungi or protozoans as well as a possible endogenous
ligand should be considered for future effortstiie search for a ligand of the orphan
receptor CACAM4.
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Zusammenfassung

Zusammenfassung

Das angeborene Immunsystem stellt eine unmitelbare Abwehrreaktion auf Infektionen dar
und wird durch die Aktivierung von Rezeptormolekilen auf spezialisierten immunzellen
induziert. Dies fuhrt sowohl zur Egknungals auch zuPhagozytose und schlussendlicher
Eliminierung eingedrungener Pathogene und Mikrobeém.Mitglied aus der Familie der
Carcinoembryonic antigerelated cell adhesion molecald CEACAMs), CEACAM 3,

wird ausschliel3lichvon humanen Granulozyten exprimiert. CEAM3 ist ein
transmembraner, phagozytischer Rezeptor, der fur die Opsoalvhangigen Erkennung,
Internalisierung und To6tung von CEACANIndenden, gramnegativen Bakterien
verantwortlich ist. Auf der cytoplasmatischen 8eltesitzt CEACAMS3 ein HerATAM
(hemi-ImmunrezeptorTyrosin-basiertesAktivierungsnotiv), das nach Phosphorylierung

durch eine Kinase der Src Familie eine Bindestelle fur-BHanen Proteine darstellt.

Die vorliegende Studie liefert erste Hinweise fiir eine Rolle der Tec Kinase in der
unspezifischen Immunantwort neutrophiler Granulozyten auf bakterielle Infektionen. Die
Phosphorylierung der HeiifAM von CEACAMS3 fiihrt zur Rekrutierung der Tec Kinase

an den Ort der Phagozytose. Anhand funktioneller Experimente konnte gezeigt werden,
dass Tecdie Signaltransduktion durch HelhAM verstarkt und essentiell fur die
CEACAMS3 vermittelte Aufnahme von Bakterien und die damit einhergehende
Reorganisation des AktiAytoskeletts ist. Zudem tragt Tec zur Beseitigung von

CEACAM-bindenden Bakterien wideisseria gonorrhoeaéei.

Untersuchungen zur funktionellen Relevaron CEACAM3 auf Granulozyten war bis

zum heutigen Tag nur sehr eingeschrankt moéglich, da ein geeigmeigs Modell nicht
existiert. Um zu klaren, welche Rolle CEACAN3 vivo bei der Kontolle einer Infektion

mit humanspezifischen Pathogenen spielt und um die CEACAM3 abhéangige
Signaltransduktion besser zu verstehen, generierten wir ein humanisiertes, transgenes
Mausmodell mit dem Ziel, fluoreszemaarkiertes CEACAM3 (mKat€EACAM3) in

Mausen zu exprimierenObwohl das transgene CEACAMS erfolgreich in die Keimbahn

der ersten Generation integriert wurde, konnte weder auf mRlggh auf Proteinlevel

eine Expression von CEACAM3 oder des Fluoreszenzmarkers mKate detektiert werden.
Anhand der Danlage ist anzunehmen, dass die Insertierung der transgenen Kassette in

das Wirtsgenom des einzig Uberlebenden Grindungstiers in einem stummen Genlocus
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Zusammenfassung

erfolgte, wodurch die Transkription von CEACAM3 verhindert wurde. Um eine mdgliche
Letalitat, hervorgerien durch die Expression von CEACAM3, zukunftig zu umgehen,
empfehlen wir die Erzeugung eines konditional induzierbarenahisierten CEACAM3

Mausmodells.

Im Gegensatz zu CEACAMS3 ist die Funktion des eng verwandten Proteins CEACAM4
vollig unbekannt. CEACAM ist der OrphaiRezeptor der CEACAM Faitie und besitzt

wie CEACAMS eine ITAM-ahnliche Sequenz, was ein Alleinstellungsmerkmal dieser
beiden CEACAMs n der CEACAMFamilie darstellt. Aufgrund des Mangels eines
bekannten Liganden fiur CEACAM4 generierten whimare Proteine, bei denen die
extrazellulare Bakteriebindende Doméane von CEACAM3 an den transmembranen und
zytoplasmatischen Teil von CEACAM4 fusioniert ist (CEACAMS3/4). Interessanterweise
war bei unseren Versuchen dertrazellulare Teil von CEACAMAin der Lage, die
Aufnahme gebundener Bakterien auszulésen. Die Phagozytose von Bakterien ging einher
mit der Tyrosinphosphorylierung von CEACAM4 in Abhangigkeit von der Integritat der
zytoplasmatischen ITAMSequenz. Nach Phosphorylierung der Tyrosinrestehdeine
SrcKinase konnten SHPomaéanenproteine, die an der Signaltransduktion wéhrend der
Phagozytose beteiligt sind, an die ITAM Sequenz binden. Wir konnten zeigén, dass
dieser OrphaiiRezeptor eingphagozytische Funktiomufweist, was die Notwengkeit
potertieller Liganden weiter erhoht.

Untersuchungen zur Relevanz von CEACAM4 wurden bisher vernachlassigt, weil kein
geeigneter Ligand bekannt war, um die Funktionsweise von CEACAM4 zu analysieren.
Dies veranlasste uns, nach einem bakteriellen CEA&AManden innerhalb
menschlicher Darmmikrobiota zu suchen. Dazu wurden Bakterien aus Stuhlproben mit
GFPR-gekoppeltem CEACAM4 inkubiert und anschlieRend mittels@RiP magnetic bead
Isolierung aufkonzentriert. Nach der 16S rRNA Gensequenzierung voniestsoz
Bakterien wurden die ACluster Analysis of
Datenbank durchgefiihrt. Die bioinformatischen Analysen identifizierten die Spezies
Prevotella, Clostridiales und Selenomonadales als potentielle CEACAM4 bindende
Bakteien, was in nachfolgendeull-downExperimenten jedoch nicht bestatigt werden
konnte. Daher diskutieren wir mogliche Verbesserungen des angewendeten
Versuchsaufbaus zur Identifizierung von Liganden des Orpleaeptors CEACAMA4. Es
sollte in Betracht gez@m werden, dass ein anderer Typ von Mikroorganismus wie z.B.

Pilze oder Protozoen oder sogar ein endogener Ligand an CEACAM4 binden kdnnen.
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General Introduction

1 Gener al | ntroducti on

This section will provide an overall view of the natural immune response to infection and
an update on the humancarcineembryonic antigenrelated cell adhesion molecules
(CEACAM) family. Readers with basic knowledge in immunology and splgciamiliar

with the innate immune system may prefer to skip directly to the introductory sécion
which introducegshe CEACAM family and family members specifically expressed in the
granulocyte lineagesuch as CEACAM3 and CEACAM4vhich are the focus of the

present study.

1.1 | nnétad QIrrmamuni ty

Microbes form most of the biomass in the wopldhitman et al., 1998 Thus, since our

birth we are daily exposed to millions of microorganismsexisting on this planet
However, theydo not only live inour environmentbut alsothey can colonize our body

and make us their host. The human body is colonized by a vast number of microbes,
collectively referred to as the human microbiota. Indeed, most multicellular organisms
contain a grat number of symbiotic bacteria;human adulbodyfor instancecontains at

least ten times more microbial than human dglésy et al., 200B Normally, microbes live

in a symbiotic relationship with their hosts and only a fraction of microbes are harmful or
virulent and can cause disegstherefore, they are referred to@gp a t h Casadewald

and Pirofski, 2014

Humansare continuously exposed fmotential pathogens through contact, ingestion or
inhalaion, so thennate (natural) immunity is the first defense that the body hassaghe
outsideworld. The immune system consists of cells, tissues and molecules protecting the
body from different pathogenic microbes and toxnesn our environmentlnnate immune
responses have been found among both vertebrates, invertebrates, as well as in plants. In
contrast, theacquired (adaptivelmmune system arose in evolution less than 500 million
years ag@nd isrestricted to vertebratékitman € al., 2009. Innate immune responses in
vertebrates arendispensabldo actvate adaptiveimmune responsesnnate immunityis

the first line of defense against invading pathogens aniike the acquired immunity
protecs us from infection dung the first critical hoursf exposure to a neantigen,while

the adaptive immuneesponseis more complex and slow, requiring few days after
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General Introduction

infection to develop an aigen-specific immune response, which provide us waih

ongoing protection against future pathog@rigure 1.1). Thus,acquired immunity after
an initial response to a specifiathogen provide alonglasting protectiodmemorythat

makes future responses against a specific antigen more effi¢ieatinnateand the

acquired immune responses interplay and cooperate to eliminate pathoggns way,

the ability to avoid infection relieson our immune systemwhich triggers different
mechanismslepending orow fast and for how long it responds tahmens, its central
effector cell types and its specificity for different classes of micr¢hkerts et al., 2002

Dranoff, 2004.

Innate immunity P 2 Adaptive immunity
(rapid response) = T S (slow response)

\ O -
AX ©)

N ol ﬂ/ }\ / \ |
: ’ Amitxx;egu > @ Q* ,
| A

Nature Reviews | Cancer

Figure 1.1 The immune system: key mechanism of defense against infectiohll cells of the immune
system have their origin in the bone marrdhke myeloid progenitor (stem) cell in the bone marrow gives
rise to erythrocytes, platelets, neutrophils, monocytes/macrophages and dendrjiticheztas the lymphoid
progenitor (stemgell gives rise to the Natural killer cells, T cells and B cdlle innate immune response
functions as the first line of defemsagainst infectionlt consists of soluble factors (such as complement
proteins), and diverse cellular components includirgnulocytes (basophils, eosinophils and neutrophils),
mast cells, macrophages, dendritic cells and natural killer déles.adaptive immus response is slower to
developbut manifests as increased antigenic specificity and merttargnsists of antiboéss, B cells, and
CD4" and CD8 T lymphocytes. Natural killer T cells ared 0T cells are cytotoxic lymphocytes that bestride
the interface of innate and adaptive immunitgr T cell development the precursor T cells must migrate to
the thymus where theyndergo differentiation into twoistinct types of T celtsthe CD4 T helper cell and
the CD8 pre-cytotoxic T cell.Two types of T helper cells are produced in the thyrthes TH1 cells, which
help the CD8 pre-cytotoxic cells to differentiate into cytmtic T cells, and TH2 cells, whidhelp B cells to
differentiateinto antibodysecreting fasma cells(Dranoff, 2004.
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General Introduction

The i mmune system is the bodyods kewlsomechan
sincethe immune system can easily damage ahlisng inflammation &s a responst®
invading organisnjs is important that the body regulatdge immunerespose to only
harmful agents(Dzik, 2010Q. Disorders ofthe immune systentould lead toattack
harmless substances as in allergic react{eng. dust and pollengutoimmune disease
(when the response directed toward seffissue$ or even cancefCoussens and Werb,
2001, Dranoff, 2004 Miller et al., 2012 O'Byrne and Dalgleish, 2001Thus, he main
function of the immune system is self/nself discrimiration. Thisability is necessary to
protect the organism fromathogenic invaderand toget rid of modified or altered cells
(e.g. malignant cells). In this line, considering tlihé immune system in most caseable
to eliminate the infectioin an ealy stage, mfectiors do not necessarilyesult indiseass
(Casadevall and Pirofski, 201Kayer, 2008.

1.1.1 Hostdefens againstinfection

Cellular and humoral componerdge specific barriers of the immune (innate and acquired)
system as protective mechanisms against infection. But additiorfalynrtateimmune
systemalso relies oranatomical features. Although thes®o immune esponses cover
distinct functions, there isnterplay of components and they complement each other
(Mayer, 2006.

T Anatomical barriers

The anatomical barriers are the immediate physical obstatlhe pathogenic invaders
and they are very effectivein preventing colonization of tissues Ipathogens These

barriersconsist ofmechanical, chemical and biological tiaics.

Mechanical FactorsMechanical anatomical barriers include epithelial barriers such as the

skin as the first impermeable barrier tdection followed by mucous membranes which

l ine the bodybds cavities includinThescuie nos
and thoracic cage also provide protection to the internal organs from exposure to
pathogens. Ciliary movements help to keep the gastrointestinal tract free of
microorgamsmsas well ashe flushing action ofears and saliva protects eyes and mouth

from infection(Boyton and Openshaw, 2002oussens and Werb, 2Q0ayer, 2006.
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General Introduction

Chemical Factorsfatty acids, low molecular weight amticrobial peptides and the low

pH in sweat as well as gastric secretions prevent growth of bacteria. Lysozyme and
phospholipase found in tears, saliva and nasal secretiansbreakdown bacterial
membranes Antimicrobial activity is possessed bgefensns (host defense peptides)
presentn the lung and gastrointesél tract In addition, surfactants in the lumgnact as
opsonins (substances promotimgtakeof particlesby phagocytic cellsjHankiewicz and
Swierczek, 1974Mayer, 2006 Moreau et al., 2001

Biological factors: The microbiota of the skin oin the gastrointestinal tragilay an

important role toprevent colonization of pathogenioicroorganismsy releasing toxic
secretions oby competing with pathgensfor nutrients or attachment to cell surfa¢€sio
and Blaser, 2012Gerritsen et al., 2011Gorbach, 1990Mayer, 2006 Salminen et al.,
2005.

1 Humoral barriers
Infection may occur once pathogdresve penetrated tissuasdthe anatomical barriers are
breached.n this moment, another innate defense mechanism comes intaqtagly

acuteinflammation(fast protectiveinnateimmune response that involves, blood vessels,

molecular mediatorand leukocyte recruitment tthe infected tissue), which help to
eliminatethe initial cause of cell injury (microbial clearance), clear out necrotic cells and
damaged tissue$n addition,a longerprocess otissuerepair ¢hronic inflammatio is
alsoinitiated (Ferencik and Stvrtinova, 1996/ayer, 2006 Miyake and Kaisho, 2034

Humoral fators play a keyole ininflammaion. These humoral factors are found in serum

or they are formed at the site of infection. This innate immune response is characterized by
anabnormal accumulation of fluid beneath the skin or in the cavities of the(bddyna

and the recruitment of pgacytic cellsat sites of infectior{fFerencik et al., 20QMayer,

2006.

Complement systertt is the major humorahnatedefense mechanism gras it is named,

helps or complements the ability of antibodies and phagocytic cells to clear pathogens
from an organism. The complement system consists of a number of small proteins found in
the blood, generally synthesized by the liver, and normallyuleittg as inactive
precursors (prgroteins). Plasma and membrane bound proteins of the complemented
system include serum proteins, serosal proteins, and cell membrane re(ejpiites

Eberhard, 1988 The complement system can be activated by three pathways: The
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classical (antigefantibody reactioni adaptive rgsonse), the alternativariggered by the
fragment C3b and the lectin pathway (triggered bWMannose Binding Lectin
microorganism-MBL). The alternative and lectipathways areart of thefirst line of
defense in the innatenmune responseThe main fundbns of complement system are
opsonization €nhancing phagocytosis of antiggnehemdaxis @ttracting macrophages
and neutrophils cell lysis ¢upturing membranes of foreign celland agglutination
(clustering and binding of patbeng (Dzik, 201Q Janeway et al., 20QRutkowski et al.,
2010.

Coaaulation systemThe coagulation system activated or note&pendhg on tissue injury

severty. Products of the coagulation system can contribute to the innate immune defense
by increasingvascular permeabilityacting as chemotactic agents for phagocgélts) or

because of theantimicrobialeffect(Furie and Furie, 20QMayer, 2006.

Other humoral factors likkactoferrin,transferrin interferors, lysozymeand Interleukin-1,
either limit the replication or help in the clearance of microbial q@lsssurget et al.,
2014 Ganz et al., 20Q35chultz et al., 2005kaar, 2010Vareille et al., 2011

1 Cellular barriers

The innate immune systemas the first line of defense against invading pathogens
comprises particular set of cells prompt be mobilized and battle microbes #te site of
infection. The main line of defense in the innate immsys&temis the white blood cells
(leukocytes) consisting of gralocytes (neutrophils, eosinophils, and basophils) and
monocytes (which develop into macrophages). These leukocytes play a critical role in host
defense and their recruitment to the site of infection is part of the inflammagpgnse.
Inflammatory mediators also include mast cells. These cells together regulate the
inflammatory responses and signal the body to mount an inflammatory response for
invading microorganisms. Thus, the inflammatory response is important in theticgula

of phagocytic cells activatiofAlberts et al., 2002

GranulocytesThese cellare characterized by the presence of granules in their cytaplasm
They are also callegolymorphauclear leukocyte$PMN) because of the varying shapes

of the nucleus but often PMNSs refer specifically to neutrophil granulocytes. Neutrophils
are the most abundagtanulocytes, followed by eosinophils, basophils, and mast cells.

Granulocytes have a common myeloid progenigmarfulocyte precursor) in the bone
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barrow during differentiation of blood cellh\gematopoiesis)PMNs circulate in the
bloodstream and must be signaled to leave the bloodstream and enter pissieg an
important role during acute inflammatiofLey et al., 2007 Petri et al., 2008
Granulocytes are ragited to the site of infection. divation of thesephagocyticcells

results from microbes per se, from complement proteins, or from damaged tissue
(chemotaxis). Invading organism are recognized phagocytosed by neutrophils and
eosinophils (specifically parasites), whasdasophils and mast cells camt abundant
histamine, and other substances which contribute to the inflammatory response that helps
fight invading organismgAkuthota et al., 2008Borregaard and Cowland, 19%ickey

and Kubes, 20Q%tvrtinova et al., 2001

Macrophagesin the myeloid lineage, anocytes(which differentiate intanacrophages)
together with lymphocytes constitute thenonuclear agranulocytes of the white blood
cells. Macrophages represent a mifilinctional cell typein innate immunity.Tissue
macrophages and newly recruited monocytesitribute to bacterial clearance by
recognition, phagocytosis and killinBeyond their cruciafole inthe innatedefense, they
alsoare importanto initiate specific écquiredor adaptive defense mechanisms by iagt

as antigerpresenting cells, which are required for the induction of specific immune
responsegMoldovan and Moldovan, 20Q0®orth, 1970 Pinet et al., 2003 Furthermore

as scavengerthey play an importat role inacute ancthronic inflammation by removing
dying or dead cells and cellular debris of the body as well as in wound hethay (
replace PMNs as the predominant cells in the wound and phagocytose damage tissue)
(Gurtner et al., 20Q8&Rodero and Khosrotehrani, 2010

Natural killer cells They are effector lymphocytesfahe immune systerwith biological

functionsattributedto both innate and adaptive immunifihese cells atype of cytotoxic
lymphocytes are critical to the innate immune system in viral infection and tumor
development.NK cells are rmot part of the inflammatory respondmit important for
cytolytic granule mediated cell apoptasatibody-dependent celnediated cytotoxicity
cytokine activation, umor cell surveillanceamong other functiongArina et al., 2007
lannello et al., 2008_odoen and Lanier, 2003 erunuma et al., 20Q0&ivier et al., 201}

Denditric cells The name of these cell s refers to t

their cell body. Their main function i® induce either immune tolerance or lymphocyte

activation minimizing as well autoimmune reactions. They capturepesakss antigens,
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migrate to lymphoid organs and secrete cytokines to initiate immune responses. These cells
act as messengers between the innate and the adaptive immune ¢$gstechereau and
Steinman, 1998VicKenna et al., 2005

1.1.2 Responsef phagocyticcells to infection

Granulocytic neutrophils and macrophages are professional phagocytes pldycla
critical role in host defense to infection for an effectivegestion and killing of
microorganisms They require a sequentiaand integrated function oélements of the
phagocytic sym, but alsq they are equipped with a vast arsemdl intracellular
microbicidal mechanisms which pide anoverkill capady andallow them to facethe

many and varied microbiainvaders Phagocytic cells target microorganisms for
phagocytosisand produce a combination of degradative enzymes, antimicrobial peptides,
and reactive oxygen species to kill the invading microorganismsaddition, they
contribute in the activation of theflammatory response argibsequently cooperate to
onset otthe adaptivémmune systeniFlannagan et al., 2009

1 Phagocytosis

In the innate immune system, phagocytosis is aomapechanism used to eliminate
pathogens and cell debris. The theory of phagocytosis started with Osler and later
Metchnikofwh o coi ned the term, phagocyte, from
eat 0, ameadningdcci e(halbdse, 2006 Tan and Dee, 2009 Phagocytosis is a
specific form of endocytosis involving the vascular internaliratib solids patrticles (size

more than 0.%m) such as bacteriand it is a receptemediated, actidriven process
(Groves et al., 2008This procesgequires asubstantial membrane remodelifagilitated

by the actinrmyosin contractile system activated by Rho family of GTPasesThe
phagosomédvesicle formed aroundof ingesed particless then fused with the lysosome
(vesicle containing hydrolytic enzymégs forming a phagolysosome and leadihgy
degradation During phagosomematuration, changes in both the membrane and the
contents are brought about by vesicular trafficking coordinated by a family of molecular
switches, the Rab GTPaséslannagan et al., 2012utras and Desjardins, 2005

Phagocytosis in mammalian immune cells is activated by diffgrahivays mediated by
specifc cell surface receptar®hagocytic cells express a wide range of receptors able to
recognize particular sets ahicroorganisms. Presumably due to evolutionprgssure,

ligands for phagocytic receptotecamevery specific (Groves et al., 2008 apart from

21

t



General Introduction

receptors of poptotic bodieswhich are activated by chemoattraiants substances or
apoptotic signals of dying cel(8rown et al., 2002Martin et al., 1995Michlewska et al.,
2007). Phagocytosis is mediated by specific surface receptors that bind directly or
indirectly, through opsons For instance, receptors can bind directly to specific structures
on pathogeni c pathagdrsawaatednslexulamatt! d renrds 66 ThBRAMP s ) .
type of receptor mainly includgoll-like receptos (TLR) (Hayashi et al., 20Q3Hirayama

et al., 2011 Negrini Tde et al.2013 Shen et al., 201®ou and Shankar, 20}, %ut also
some phagocytic receptors liklee Gtype lectinDectinl (recognizinga variety ofbeta
glucansor polysaccharides present on the surface of some yeasiKetinedy et al.,
2007, the mannose receptaiEzekowitz et al.,, 1990 the scavenger receptor A
(recognition oflipopolysaccharides (LPS) displayed by gramagative bacter)aPeiser et

al., 2000, Siglecs (binding to sialic acidjChang and Nizet, 20}4or recently,the
carcineembryonicantigenrelatedcell adhesionmolecules (CEACAMS), another gerime
encoded receptors tailored tawa particular subsets of heassociated pathogens
(Kuespert et al., 2006(Figure 1.2). On the other hand, opsonic receptors recognized
microbes coated by opsoninghich act as attachment sites and aid phagocytosis of
pathogens mediated bsither receptors tothe Fc (fragmentcrystallizable) porton of
immunglobulin G (IgG) orreceptors that bind complement component i@G8iderson et

al., 1990 Ross et al., 1992

Figure 1.2 CEACAMS3 -mediated, opsonirindependent phagocytosis by human granulocytessolated
human PMNs were infected witlleisseria gonorrhoeaexpressing a CEACAMbBInding Opa protein and
processed for scanning electron microsca@lyown is a pseudocolored image of a human neutrophil (blue)
in the process of opsonrindependent phagocytosis of multiple gonococci (orange) via large lamellipodial
protrusions indicated witharrowheads)The boxed area is enlarged in the right panel and shows in detail the
membrane surface of the neutrophil at the site of the phagocytic cup during CEA@AMated
phagocytosis oN. gonorrhoeadBuntru et al., 2012
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1 Intracellular killing

During phageytosis & increase in gluesse and oxygen consumption occur named
respiratoryor oxidativeburst. The killing response by phagocytes cancbaesequence of

the oxidative burst(oxygendependent intracellular kiflg) or in addition, bacteria can be
killed by preformed substances released from granules or lysosomes when they fuse with
the phagosom@xygenindependent intracellular killingMayer, 2008.

Oxidative burst The oxidativeburst plays an important role in thenmune systenas
crucial reaction that occurs iphagocyteso destroyinternalizedbacteria This killing
process iharacterized by the fast releaser@dictiveoxygen species(ROS): superoxide
anion radicalO',) andhydrogen peroxid¢H»0,). The nicotinamideadeninedinucleotide
phosphatehydrogen(NADPH) oxidase is responsible for the production of ROS in the
phagsome and it is formeduring phagocytosisfter glucose is metabolized via the
pentose monophosphata.phagocytic cells, the NOX2 isoform of tNADPH oxidaseis

a multimeric protein complexhat assembles in response to proinflammatory stimuli to
mediate the production of '@ by transferring electrons frommicotinamide adenine
dinucleotide phosphate(NADP") to molecular oxygen. Upon activation, the cytosolic
components assemble together wite small GTPases Racl and Rac2 and associate with
the flavocytochrome dgg to transportelectrons across the limiting membrane of the
phagosome to form '@ (itself is a cytotoxic specigsbut it can also form highly reactive
H,0,. H,O, can lead to the gemation of toxic hydroxyl radical§OH') when directly
reacting with phagosomal contentd-lannagan et al., 2012 Additionally, the
myeloperoxidase (MPO) is released into the phagolysosome when the primary
(azurophilic) granules fuse with the phagosome, and it utiliz€% kb convert chloride
ions (CI') into deadly hypochlorous aci(HCIO) to combat infectiongWinterbourn,
2008. Neutrophils and macrophages alsbcie detoxification reactions to protect
themselves from the toxic oxygen intermediates by dismutatiorl £foCH,O, (reaction
catalyzed bysuperoxide dismutayand the conversion of J,to water (HO) by catalase
(Mayer, 2006.

Antibacterial proeins Phagocytes can Kkill either intrar extracellular pathogens by

releasing from the neutrophil granules into phagosomes or the extracellular milieu,
respectively. They rely on oxygéndependent killing mechanisms suek cathepsins

(degrade specifipolypeptides), defensins (forming pdilee membrane defects that allow
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efflux of essential ions and nutrients), lysozyme (splits mucopeptide in bacterial cell wall);
lactoferrin @ffect bacterial membrane permeab)lity hydrolytic enzymes (break down
bacterial proteins)Borregaard, 20L,Hager et al., 201Kolaczkowska and Kubes, 2013
Mayer, 2006.

Beside the NADPH oxygenaskependent mechanismBRQ@S or antibacterial proteins
highly activated neutrophils can eliminate extracellular pathogens by relegsiogic

DNA which is enmeshed with antimicrobial proteinamelyneutrophilextracellulartraps
(NETSs) to immobilize and subsequéniphagocytose trapped microorganisfBsnkmann

et al., 2004Halverson et al., 201¥olaczkowska and Kubes, 201Bapayannopoulos and
Zychlinsky, 2009.

1.2 Human CEACAM family

In humans the carcinoembryoniaitigenrelated cell adhesion molecules (CEACAM)
togetherwith the pregnancgpecific glycoproteins (PSGlorm the @rcineembryonic
antigen (CEA) multigene family, subgroup of the immunoglobulin superfan@igA
(CEACAMDbS) and related genes are encoded entbman chromosomal 18eauchemin

et al., 19997id and Drouin, 2018 The CEACAMscomprisel2 proteirencoding genes:
CEACAM1, CEACAM3CEACAMS, CEACAM16,andCEACAM18-2, whichare found
mostly expressed in epithelial, endothelial or immuw®ls. However, the recently
discovered genes (CEACAM16, CEACAMPA) show a distinote expression pattern
compared to the rest of the family memb@smmerer et al., 2012ZZebhauser et al.,
2005. All CEACAMs are hghly glycosylated and characterized by anrtekiminal
immunoglobulin variable (Ig\f)ike domain followed by a varied number (from zero up to
six) of immunoglobulin constant (Igdike domains.They are attached to the membrane
either by a transmembrane ddmar by a glycosylphosphatidylinositdlGPI) anchor
(Thompson et al., 1991Particularly while the cytoplasmic domain of CEACAM4iears
animmunoreceptotyrosinebasednhibitory motif (ITIM) -like sequerce, he cytoplasmic
tail of CEACAM3 and CEACAM4 encompass aimmunoreceptortyrosinebased
activation motif (ITAM) -like sequene (Chen et al., 2001a&Chen et al., 200)b(Figure
1.3).

These glycoproteins are expressed on the apical side of cells and throltteth@nal
IgV-like domain can mediate cedlell adhesion of neighboring cells via hemophilic or

heterophilicCEACAM-interactions as well as modué signal transduction. CEACAM1,
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CEACAMG6, and CEACAM can exhibit homotypic and heterotypic adhesion, while
CEACAMS has been shown to exhibit only heterotypic adhesion with CEACABA&Y-
Owen and Blumberg, 200&uespert et al., 20080brink, 1997 Oikawa et al., 1989
Skubitz and Skubitz, 200&heng et al., 2001

Family members Family members recently identified

CEACAM1 CEACAM3 CEACAM4 CEACAMS CEACAME CEACAM7 CEACAMS CEACAM16 CEACAM18 CEACAM19 CEACAM20 CEACAM21
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Figure 1.3 Overview of the human CEACAM family. Schematic representation of major isoforms of the
different CEACAM family members is depicted. Further information with regard to alterngtiice s
variants can be found at http://cea.klinikum-umienchen.de/Species abbreviations: c, cow; d, dog; e,
elephant; h, human; m, mouse; o, opossum; (Kna¢spert et al., 2006

CEACAM family members hava wide range of functions and haween shown to play
important roles in the regulation of immune responses, angiogenesiktfénentiation of
mammary glands, insulin signaling turnover, tumorigenesis, and meta&asinsky,
1992, Gray-Owen and Blumberg, 2006lorst et al., 2006Huang et al., 199K uespert et
al., 2006 Leung et al., 2006Poy et al., 2002Schmitter et al., 2004intsova et al., 2014
Yokoyama et al., 2007 CEACAMSs are also known asimorrelatedproteinsand even
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used as tumor markerBeauchemin and Arabzadeh, 20IElumenth#& et al., 2007
Simeone et al., 200Zhou et al., 201)1 Interestinty, a recent studyanalyzed the mRNA
expression profiles of CEACAM family members in colonic, gastric, pancreatic, lung,
breast, and thyroid cancer cdithes, denonstratingthat CEACAM1, CEACAM5, and
CEACAMG6 were expressed in the majority of carcinoma cells. CEACAM7 exhibited a
restricted expression and CEACAM3 was detected Iy Br{out of 46) cell linesvithout
apparentlytype-specific expressionCEACAMS8 showedto be specifically epressed in
colonic cancer cell lineHCA-2 and HCA46) and a medullary thyroid carcinom@rT)

cell line exhibiteda uniqueexpression pattern for CEACAM4owever,the presence of
the indicated CEACAMSs in the tested cell lines haseéoconfirmed at the protein levels
(WakabayashNakao et al., 2004

1.2.1 Granulocytes CEACAMs

CEACAM family membes can be exploitethy a diverse groumf humanrestrictedgram
negativebacteria including\eisseria gonorrhoeaéNeisseria meningitidjsHaemophilus
influenzae Moraxella catarrhalis as well as some strains of pathogefscherichiacoli.
(Barnich et al., 2007Chen and Gotschlich, 199€hen et al. 1997 Gray-Owen et al.,
1997k Hill et al., 2001 Hill and Virji, 2003 Virji et al., 1996. In order to reach and
colonize human mucosal surfaces, these pathogenic species have evolved to express
specific adhesins to bind CEACAMd choupa et al., 2034 The recognitionof human
CECAMs also seems to be specizecific and strongly suggesta coevolution of
microbial adhesins with their host recept@gammerer et al.,, 2007Kammerer and
Zimmermann, 2010Voges et al.,, 2010 This is in line withgenome analyses which
revealed thahuman CEACAMSs belong to th&39 fastesevolving human genes, likely
due to the selective pressure of pathod@tmang et al., 2093

Up to date four CEACAM family members (CEACAM1, CEACAM3, CEACAMS5, and
CEACAMG6) served as receptors of CEACANdIng pathogengKuespert et al., 2006
However, the strategy of these hursdapted pathogens to colonize mucosa surfaces by
binding to epithelial CEACAMs (CEACAM1, CEACAMS5, CEACAM@)as as well a
selective disadvantage to be killed by the innate immune responseexplession of
CEACAMS3 mediates the bactericidal respertsy granulocytes and, therefore, limite
spreadof CEACAM-binding pathogensn their human hosfRoth et al., 2018 Human
granulocytes expressEB\CAM1, CEACAM3, CEACAM4, CEACAMG6, and CEACAMSB
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The granulocyte CEACAMsw/ere discovered as CEslated proteingh human leukoytes
(Kuroki et al., 1991 Kuroki et al., 1990 In human neutrophils, CEACAM6 has bbee
found associated selectively with the primary (azurophilic) grafmation, while
CEACAM1 and CEACAMS are restrictedly located in the secondary (specific) granule
fraction (Ducker and Skubitz, 199XKuroki et al., 199h Since specific granules of
neutrophils contain a variety of cytotoxic molecules which are released during
degranulation after neutrophil activation, whereas azurophilic granules are predominantly
involved in intracellular killing #ier phagocytosis, the differential localization of these
CEACAMs has implied distinct physiological roléBorregaard et al., 1993Upregulation

of CEACAM1, CEACAMS8, and CEACAMG6 otthe neutrophil surfacandthe heterophilic
interaction between CEACAM8 and CEACANMponN stimulatiorsuggested an interaction
between primary and secondary granulgss occurs when neutrophils aaetivated and
subsequentlyexpose CEACAMs to the membranewhich were stored in different
subcellularcompartmentgDucker and Skubitz, 199XKuroki et al., 1992 Kuroki et al.,

1995 Oikawa et al., 1991Tetteroo et al., 1986 While some of thesegranulocyte
CEACAMs are also expressed intigilial cells (such aEACAM1, CEACAMS6), othess
seemto be exclusively expresd by granulocytes. CEBAM3 and CEACAM4 are
restrictedly express in neutrophils where28ACAMS8 expression has bednbund on
neutrophilsand eosinophil§Lasa et al. 2008).

The different roles o€EACAMSs in neutrophil function are complexd due to a multiple
CEACAM expressionsingle contributions are not well describelbwever, ligation ofll
granulocyte CEACANM, except for CEACAM4 by CD66 monoclonalantibodies (nAbs)
independently stimulateand transduak signalsin neutrophils resulting in &alcium
dependenteaivationof CD11/CD18, and an increaseriautrophil adhesion to endothelial
cells (a crucial step to initiate inflammatioykubitz et al., 1996 Furthermore, a
subsequentstudy confirmed that the interdependency of CEACAM1, CEACAMS3,
CEACAMG6, and CEACAMS inducge human neutrophil adhesion to enultal cells.
Indeed granulocytesCEACAMs form home or heterodimers that are able, upon
activation, to transduce signal ultimately promotinmgutrophil adhesian(Skubitz and
Skubitz, 2008 In addition, CEACAM3 has been shown as an innate decoy receptor
responsible for the efficient opsonimdependent phagocytosis and killimg a set of
humanrestricted pathoges, as well as playing an important contribution during acute
inflammation(Buntru et al., 2012Sarantis and Gra@wen, 2011 Schmitter et al., 2004
Schmitter et al., 2007&intsova et al., 2034
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1.2.2 CEACAMSI: PhagocyticHem-ITAM r eceptor

CEACAMS3 was formerly name@EA gene familymember 1 (CGM1) as well as CD66d
antigen omonspecificcrossreactingantigen (NCA) W264, W282Among the CEACAM
family, CEACAM3 issolely expressedn neutrophils and function as phagocytic receptor
to initiated opsoninindependentrecognition, uptake andclearance of pathogenic
CEACAM-binding bacteriaincluding N. gonorrhoeae M. catarrhalis andH. influenza
(Buntru et al., 2012Schmitter et al., 2004

The mechanism of CEACAMMediated phagocytosis and elimination of pathogenic
bacteria have beewastly elucidatedover the last decade The intracellular domainof
CEACAMS3 cortains an ITAM-like sequence similar to the&onsensus sequence
(YxxL/I(x)7-12YxxL/l) of canonical ITAM -bearing receptors such as Fcreceptors
(FcRs), B-cell receptos (BCR) or T-cell receptos (TCR). Key players of these
immunoreceptorshave been the starig point to unravel the CEACAMBediated
signaling Different studies have showthat the pathway initiated by CEACAMBvolves

a similarsubset of effector molecules aanonical immunoreceptors but also display
different mechanism to drive a more efficient phagosis after receptoactivation
(Buntru et al., 201R Activation of canonical TAM -bearingreceptors and downstream
associated proteins require thpdosphorylationon the tyrosine residueg§membrane
proximal and distalwithin the consensus ITAMsequenceof the cytoplasmic dmoain
First, kinases of the Src familyyrosine phophorylate thelTAM -like sequence of the
receptor. Thignables the binding of the Syk kinagkich can bind by its SH2 domain to
the double phosphorylated ITAKohnson et al., 199Kiefer et al., 1998 Syk activation
is indispensable for downstream events includhmg activation osmall GTPases of the
Rho family, such as Rac and Cdc42, which via WASP and WAVHestrate the actin
cytoskeletordriven formation of lamellipodiaprotrusionsto form the phagocytic cup
(Cox et al.,, 1997 Deckert et al., 1996Greenberg and Grinstein, 2008wanson and
Hoppe, 200 Moreover,phosphatidylinositeB @P13) kinaseactivity resultessential not
only for bacterial killing but also during opsormediated uptake of particles via theoFc
recepto{McCaw et al, 2003.

In contrast,CEACAM3-mediated signalingromotes a Sykndependent shortcut for Rac
stimulation via a direct association of Vav andthers downstream molecules tioe
cytoplasmic domainf CEACAMS, in order to efficientlynediatean opsoninndependent

phagocytosisand lactericidal mechanisms of granulocytés response to bacterial
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infection (Billker et al., 2002McCaw et al., 2003Schmitter et al., 20Q45chmitter et al.,
20073. Upon infection, CEACAM3 is clustered to the site of infection and bacteria are
able to bind theCEACAM receptor through speatfiadhesins. CEACAM3 is activated
after phosphoryléion by the Src familykinasesHck and Fgr(Hauck et al., 1998 After
tyrosine phosphorylation, downstream effector molecules are directly recruitgtieto
phosphorylatesdmembrangoroximal tyrosine reside (pY 230) of the ITAM-like sequence
via Src homology 2 (SH2) domains. Thuke phosphorylatedTAM -like sequenceof
CEACAMS serves as a docking site for Si@main containing proteins and additionally
provides a short wire connecting bacterial recognitionsmdulation of the GTPase Rac
(Schmitter et al., 2004 1In this line, the SH2lomain ofthe guanidine nucleotide exchange
factor (GEF) Vav directly binds to the p230 (Schmitter et al., 2007aAt the same time,
the phosphorylated cytoplasmic domain of CEACAMS allows recruitment of Nck adaptor
proteins, which connect CEACAMS via Nap1l witte WAVE complexpromotingf-actin
nucleation by the Arp2/3 compldRils et al., 201 While Vav activates Rac, the WAVE
complex is formed and carbe activated by Rado initiate actinbased lamellipodial
protrusions andapid engulfmenbf CEACAM-binding bacterigBuntru et al., 2012Pils

et al., 2012 Furthermorerecruitment and direct associatiuia SH2domair) of theclass

I P13 kinaseregulatoryp55 subunitto pY230 seem to be dispensable for CEACAM3
mediated pagocytosis but instrumental tcegulae the NADPH oxidase complex
activation andgeneration of ROSor an efficient elimination of CEACAMbinding
bacteria by human granulocytéBooth et al., 2003Buntru et al., 2011 (Figure 1.4).
Interestingly this scenario shows a differesignal transduction compared to canonical
ITAM -bearing receptors but closely resembles the functional mechafighe Hem
ITAM from the Gtype lectin Dectinl receptor(Buntru et al.,, 2012 To this day,
CEACAMS signaing is considered to trigger a HeMAM signaling where, similar to
Dectin 1, a single tyrosine resid@tae membrane proxima&jrosing is sufficient to drive
signal transductiofBuntru & al., 2012 Fuller et al., 200//Rogers and Foster, 2009
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Figure 1.4 Current model of CEACAM3 HemITAM signal transduction. Upon engagement of
CEACAM3 by CEACAMbinding bacteria, the ITAMike sequence in the cytoplasmatic domain of the
receptor is phosphorylatdsy Src family kinasen two tyrosine residues (Y230 and Y24h).turn, pY230
serves as a docking site for seveffé@aor proteins. The RaGEF Vav directly binds to pY230 via its SH2
domain and activates Rac by facilitating GTP loading. While Vav activates Rac, the adaptor molecule Nck is
also recruited to CEACAM3 in a phosphotyrositependent manner. Nck constitigtiy associates via one

of its SH3 domains with Napl, an integral component of the WAVE complex. The CEAd@ddBzed
WAVE-complex can now be activated by GRAc triggering factinbased lamellipodia during the opsonin
independent phagocytosis of CEACANdingbacteria. On the other hand, P30 serves as a binding site
for the SH2 domain of the regulatory subunitRIB kinase Together with the kinase Syk, which might
indirectly associate with CEACAM3, PI8naseorchestrates the assembly of a membrane localized NADPH
oxidase complex. Assembly and full activity of this complex again require-l@dd®d RadqBuntru et al.,
2012.

1.2.3 CEACAM4: Orphan receptorof the CEACAM family

CEACAM4 was discovered as nonspecific antigen relatedCE#©A in human leukocytes
(Kuroki et al., 1991 and was previously namedGM7 or NCA W236. The study of
CEACAM4 has been neglected and the function of this membrane protein remains
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completely unknownprimarily due to a lack of @@ona fideligand. CEACAM4 is a
transmembrane protein which harbors an ITAké sequence within its cytoplasmic
domain The extracellular partonsiss of a singlelgy-like domain as all CEACAMs, but
lack Igco-like domains (Thompson et al.,, 1991 Interestingly, CEACAM4 perfectly
matches the domain structure of CEACAM®gether, they are the only CEACAM family
members which contain an ITAM consensus in the cytoplasmic domain and are
exclusively expressed by granulocyf&siespert et al., 2006Remarkably this fact could
suggest a phagocytic activity of CEACAMAse CEACAMS is a welknown phagocytic
receptor of the innate immune systgBuntru et al., 2012 Schmitter et al., 2004
However,none of the CEACAM binding bacteria ha been shown to hd CEACAMA4
Moreover it is important to highlight thedt thegenomic levelthe number of exons is the
samebetweenCEACAM3andCEACAM4 Interestinglymost of the length variation is due
to intron 2, which separate the exons encoding the-lilge/ domain from the
transmembrane and the cytoplasmic dom8ioth CEACAMs alsoat the protein level
differ mostly in theextracellularN-terminal domainwhereas theC-terminal intracellular
domain ispretty similar(identity 73%)(Pils et al., 2008 Since the IgMike domain of
CEACAMS appears highly similar to other CEACAMs such as CEACAMS (identity
92%), bu not to CEACAMA4 (identity 49%)Pils et al. haveoroposed CEACAM3 as a
natural chimera with thégV-like domain derived from a bacteniacognizingCEACAM
(e.g. CEACAM1, CEACAMS5 or CEACAMG6) and th&lfAM -like sequencewithin the
cytoplasmic tailwhich isable toinduce phagocytosjdikely inherited froman ancestor of
CEACAMA. In addition,two novel splice variantsave been reported to CEACAMdv(L
and sv2 which could be useful for future genomic analysiC&ACAM4(Wakabayash
Nakao et al., 204 Due to the exclusive presence of BEACAM4gene in the primate
lineage(Kammerer and Zimmermann, 2Q18d and Drouin, 2018and its expression in
professional phagrytes(Kuroki et al., 1991Kuroki et al., 1999 the yet orphan receptor
could provide an interesting primagpecific contribution to the function and/or regulation
of our S peci e sTheidemificationeof e pysidiogiaal. ligand, being a
humanassociated microorganism or an endogenous structure, could be the next step in

elucidating the fascinating biology behind this protein.
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This study focuseson two CEACAM family members express$in human granulocytes
CEACAMS3 and CEACAM4 The defining feature of thesdosely related glycoproteins

the presence adn ITAM-like sequence within their cytoplasmic domains. The following

chapters attempt to provide novel insight into signaling function of both phagocytic

receptorsn vitro andin vivo as well asunravel the ligand binding and signaling functions
of the orphan receptor CEACAMA4.

32

CEACAMS3 function heavily depends on the tyrosine phosphorylation of the
cytoplasmic ITAMlike sequence and its function as a docking site for-8btBain
containing proteinsAs previous biochemical experiments had indicated binding of
the Tec SH2 domain tBGEACAM3, the functional relevance of this interaction and
the regulation of Tec activity in response to CEACAMS3 stimulation should be

investigated

Since humanCEACAM3has no murine orthologues, am vivo model for the
genetic dissection of CEACAM3 fution is currently not available. Therefore, we
aimed to generate transgenic mice expressing hu®ERCAM3in granulocytes.

The ultimate goal was to create a mouse line with granulocyte restricted expression
of an mKatetagged humarCEACAM3 which not onlyshould allowin vivo
infection experiments with genetically modified mice, including crosses with
defined knockout animals, but also the microscopic analysis of CEACAM3 in

living primary cells

To study the function of the CEACAM4 ITANIke sequence inhie absence of a
known ligand, we wanted to develop a chimeric protein consisting of the
extracellular bacteridinding domain of CEACAMS3 fused to the transmembrane
and cytoplasmic domain of CEACAM&ngagement of this CEACAM3/4 chimera
by CEACAM3-binding lkacteria should then in principle trigger CEACAM4
initiated responsesiccordingly, by the help of chimeric receptors we wanted to
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study intracellular signaling and potentially phagocytic function of the CEACAM4
ITAM -like sequence.

IV. A major advance to thetwwly of CEACAM4 function could result from the
identification of a CEACAM4 ligandTo search for potential microbial ligands of
CEACAM4, we initiated a functional screen based on a combination of affinity
purification and nexgeneration sequencing to dete CEACAM4-binding
members from the human intestinal microbiota. Candidate species identified via
bioinformatic analysis should then be cultured and further tested for CEACAM4

binding by biochemical and cellular assaysitro.
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31 Summary

Human granulocytegxpress several receptors of the CEACAM famikhich are not
present in noiprimate species. In particulaGEACAMS3 operates asa single chain
phagocytic receptorresponsible for initiatingthe opsoniAndependat recognition,
internalizationand destruction of a limitedet of CEACAMbinding bacteria including
Neisseria gonorrhoeaeHere we show that the HefmAM of CEACAMS, upon
phosphorylation by Src family protein tyrosine kinagE3Ks), directly binds the SH2
domain of Tec kinase and recruits this PTK to the site of bacterial phagocytosis. Upon
CEACAMS3 engagement by CEACAMInding N. gonorrhoeae Tec is phoghorylated
within 15 to 30min at critical tyrosine residues within the kinase domain indicating rapid
activation of Tec. Overexpression of Tec in fmofessional phagocytes enhances,
whereas pharmacological inhibition of Tec reduces CEACAMSRIiated baetrial uptake

in CEACAMB3-expressing cell lines and primary human granulocytes. Epistasis
experiments demonstrate that Tec is downstream of Src PTK activation and contributes to
granulocyte phagocytic activity as well as generation of reactive oxygen sgeoialéy,
scanning electron microscopy reveals a lack of lamellipodial protrusions and probing with
phosphespecific antibodies indicates reduced activation of the guanine nucleotide
exchange factor Vav upon Tec kinase inhibition. Together, these datmsteate that in
human granulocytes Tec kinase maximizes HEAM signaling and reveal for thérst

time a prominent role of Tec in opsosimlependent phagocytosis.

32 Introducti on

Early response to infection is provided by theate immunesystem which is activated

upon recognition of key microbial signatures. p8cialized cellsof the innate immune
system, such as granulocytemt only recognize, but also phagocytose and eliminate
wide range of microbesWhereas opsontdependent phagocytosis provideay
complementreceptors(such as CR3) anceceptors for the Fc portion of immunogloblin
(FcRs) can in principle capture any opsonized object, additional mechanisms operate to
allow opsoninindependent recognition and phagocytosis of particular pathogames.
group of phagocyte membrane proteirthe GCtype lectin family specializes on

recognizing specific carbohydrate structunésnicroorganisms. For example, one member
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of the Gtype lectin family, he type Il membrane proteiDectin-1, binds tobetaglucan
contained within fungal cell walls and allows rapid, opsandependent phagocytosis of
yeast(Brown, 2006 Taylor & al., 2007. Dectinl function depends on a-salled Hem
ITAM motif, which is characterized by a cytoplasmic tyrosine residue within a given

amino acid sequence contékuller & al., 2007 Goodridge et al., 20}2

Recent work has shown that human granulocytes express yet anothelfTAldm
containing receptor involved in opsorimdependent phagocytosis, the immunoglobulin
superfamily member CEACAMZBuntru et al., 2012Pils et al., 2008 CEACAMS3
belongs to the carcinoembryonic antigetated cell adhesion atecule (CEACAM)
family, a group of membrane proteins found mainly on epithelial cells. In contrast to C
type lectins, CEACAM3 and related CEACAMs bind to bacterial surface proteins via
direct proteirprotein interactions involving the nagylcosylated CFGace of their amino
terminal Ig\tlike immunoglobulin domain(Tchoupa et al., 2014Virji et al., 1999.
Whereas epithelial CEACAMs are exploitbg several humaimestrictedgramnegative
pathoges in order to colonizeand invade mucosal surfacé3ohswich et al., 2013
Muenzner etl., 201Q Muenzner et al.,, 2006 CEACAM3 appears to have an important
function in detecting and eliminating CEACAMNding bacteria in an opsonin
independent manne(Buntru et al., 2012 Schmitter et al., 2004 Indeed, binding of
bacteria to granulocyte CEACAMS3 triggers a fulminant rearrangement of the cytoskeleton,
massive lamellipodial protrusions and rapid phagocytosis of bound pa(Bciesu et al.,

2012 Schmitter et al., 2004 Importantly, CEACAM3 expression in ngrhagocytic cells

can recapitulate these aspects of bacterial uptake, albeit lamellipodia formation occurs on a
slower time scale and is less pronoundBilker et al., 2002 Pils et al., 201 In
granulocytes, clustering of CEACAMS3 activates the Src family kinases Hck gnd F
which in turn phosphorylate the CEACAM3 cytoplasmic domain. Similarly, CEACAM3
ectically expressed in HeLa &tEK 293 cells can be phosphorylated b to initiate
CEACAMS3-mediated phagocytos{&opp et al., 2012McCaw et al., 2003Schmitter et

al., 2007h. Furthermore, the adapter protein Nck, the guanine nucleotide exchange factor
(GEF) Vav, as well as the small Ga$& Rac, which are essential for CEACAM3 function

in granulocytegPils et al., 2012Schmitter et al., 20Q045chmitter et al., 200§aare also

found in norhematopoetic celtypes. The fact that CEACAMS signaling relies on a
ubiquitously expressed core set of proteins can explain, why CEACAMS is able to operate
in principle (e.g. upon transfection) in multiple cell types. However, the rapid and

pronounced action of CEACAMS3 igranulocytes also suggests that -tgtle specific
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components contribute to HefMAM initiated processes. As the cytoplasmic tyrosine
residues of CEACAM3 are critical determinants of CEACAMRBiated downstream
processes, we focused on identifying addaiobinding partners of the CEACAM3 Hem
ITAM motif.

Here we show thalec a member othe secondargest family ofnonreceptorPTKs
primarily expresseih hematopoietic cell§Schmidt et al., 2004 directy associates with
the phosphorylated HetiTAM of CEACAM3. Functional analyses demonstrate that Tec
contributes to both CEACAM#itiated lamellipodia formation as well as the bactericidal
oxidative response of granulocytes. Our results for the firstproeide evidence that Tec
has important functions duringpsoninindependent phagocytosis of bacteria by human

innate immune cells.

33 Materi aét maodis M

1 Antibodies and Reagents

Monoclonal antibody (mAb) against human T@€398) was purchased from Abcam
(Abcam plc.,.England andmAb againsthumanphospheBTK/Tec (pY551VpY519 Clone
797837 was from R&D systems (R&D systentSmbH, USA. Polyclonal antibody
against eSrc (SRC2) was from Santa Criotechnology (Santa Cruz, CA and
polyclonal rabbit antibodygainst humamhospheSrc (pY418) was from Invitrogetife
technologies (Thermo Fisher Scientific, USRplyclonal antibodies againstav (C-14)
and phosphewav (pY174)R were obtained frorfanta CruBiotechnology(SantaCruz,
CA). The nmAbs against HAtag (2CAb5); plosphoetyrosine residues {f72); Opa
(4B12/C11); and tubulinE-7) were purified from hybridoma celupernatants obtained
from DSHB University of lowa, IA). The rAb antibody against Vinculin (hVIN) was
from SigmaAldrich (St. Louis, Missou, USA); mAb against GFP JL-8) was from
Biosciences Becton, Dickinson and Compafiy8sD, USA) andmAb against GSTE-14)
was from Santa Cruz Biotechnology (Sa@euz, CA). A rabbit polyclonal antibody
against recombinant mKate was custom generateaffingy purified (Animd Research
Facility, University ofKonstanz, Germany)cST and GSHused SH2domains used were
all expressed in E. coli BR1 and purified using GSTrdp FF (Amersham Biosciences,
Freiburg, Germany). Protein A/G sepharose was abdairom Santa Cruz Biotechnology

(SantaCruz, CA) Secondary antibodies were obtained from Jackson Immunoresearch
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(West Grove, PA). NH®BIotin was obtained from Pierce Biotechnology (Rockford, IL).
Specific kinase inhibitors of the Src family kinase (P&2) PI3K inhibitor (Wortmanin)
were fom Calbiochem (San Diego, CAJec family kinase (LFMA13) inhibitor was
obtained from Sigma&ldrich (St. Louis, Missouri, USA)

1 Recombinant DNA ®nstructs

Mammalian expression vectors encoding CEACAW3I-HA and CEAGAM3-op C -‘HA

were described previous(chmitter et al., 2004 Likewise, pLPS3 &€ EACAM3-mKate

and pLPS3 -&€EACAM3-gpC mKate as well aspLPS3 -@inCerulean,were described

before (Pils et al., 2012 The cDNA of full length human Tec (pCMVX%L4 -Tec) was
purchased from Origene (Rockville, MD, USA), human Btk (pBluptfKS -Btk) was

kindly provided by Prof. Wirth (University of Ulm, Germany) and human Bmx (pEMV
Sport6-Bmx) was provided by RZPD (Berlin, Germany). The above plasmids were used

for PCR amplification to generate SH2 domains of human Tec, Btk and Bimyrinters:
TEC-SH2IF-s e n s-&GAABSDTTATCAGTCGACACGGGAAAGAAATCAAAC-36 and
TEC-SH2IF-a n t 4 ATGAICTAGAAAGCTTATCCTGCAGTGGTGGGT&E 6, -BTK
SH2IF-s e n s-eGAAGITATCAGTCGACCCTAGTAACTATGTCAG3 6 and BTK
SH2IF-ant  ATBGTCTAGAAAGCTTATTCCCATGATCCGTATCCG3 6 BMX-

SH2IF-s e n s €SAAGTGATCAGTCGACTCATCTGAAGAAGAGG3 6 and- BMX
SH2IF-ant i - BTGGTCTAGAAAGCTTAGGACACAGAGTCGGGGACES 6
respectively.The cDNA of human Tec, Btk and Bmx SH2 domains were cloned into
pDNR-Dual using the IfFusion PCR Cloning Kit (ClonteciMountain View, CA, USA)

and transferred into pGEXT-1-LoxP via Cre/lox recombination. The SH2 domains of

Tec, Btk and Bmx were expressed as @&Sion proteins irEscherichia coliBL21 and

purified as described previous($schmitter et al., 200fJaHuman Hck WT cDNA was
amplified by PCR from pOTB7 Hck human (provided by RZPD, BefBermany) with

pri mer s : CTGASOICGACATGGGGTGCATGAAGTCCAAG3 6 and 56
CTGACCGGTTGGCTGCTGTTGGTACTE 6 ) . The coding sequence
pDNR-dual MCS via Sall/Agel to yield pDNdual Hck WT. The cDNA was
subsequently transferred into pLBEGFP (Clotech, Mountain View, CA, USA) by Cre
mediated recombination to yield Hck \WHGFP. Human TEC wildtype (WT) was
amplified using t he foll owing
GAAGTTATCAGTCGACACCATGAATTTTAACACTATTTTGGAGGAG-3 6 and 50
ATGGTCTAGAAAGCTTTCTTCCAAAAGTTTCTTCACATTCAAC-3 6from pCMV6-
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XL4 human Tec full length (Origene, Rockville, MD, USA). The resulting PCR fragment
was cloned into pDNfual using the IfFusion PCR Cloning Kit (Clontech, Mountain
View, CA, USA) and transferred into peEG¥1 loxP and pLRCMV 2x HA by Cre
medated recombination resulting BGFP and 2xHA fusedotthe Nterminus of human
TEC-HA. The mammalian expression vector pcDNA3.1 was purchased from Invitrogen
Life technologies (Thermo Fisher Scientific, USA). The plasmid pRC/CMV encoding
Src was descrid before(Hauck et al., 2001 The GSHusion protein of the S¥EH2

domain was also described previougbghmitter et al., 2007a

{1 Bacteria and Growth conditions

Non-piliated Neisseria gonorrhoead1S11-B2.1 expressing a CEACAMInding Opa
protein (strain N309, Opa- Opacea) or NorCEACAM binding strain (strain N302, Ngo
Opa) (Kupsch et al., 1993kwere kindly provided by Thomas Meyer (M&tanckInstitut

fur Infektionsbiologie, Berlin, GermanyBacteria were grown o&C-agar plateSBD
Difco'™, Gonococci Agarmedium base supplemented with vitamins and appropriate
antibiotics at 37°C, 5% CQ, in humid atmosphere. Bacteria were selected based on

antibiotic resistance and microscopic evaluation of colony opacity. For infection, overnight

grown bacteria were taken from GC agar plates and suspended in PBS. For labeling

bacteria weraesuspended in 1:1000 dilution of either AlexaFluor®HS (Invitrogen,
Karlsruhe, Germanyg-(6)-CFSE (Invitrogen, Karlsruhe, Germany) or PacificBlue (Sigma

Aldrich, USA) in PBS Bacterial sspensions were incubated at € for 30 min inthe

dark under constant shaking. Prior to use, bacteria were washed three times with PBS.

Colony forming units (cfu) werestimated by A550 readingsccording to a standard

curve.

1 Cell culture, Transfection, Cell lysis, and Western otting

Human embrgnic kidney293T cells(293 cells) werec ul t ur ed i n Dul becc

Eagl eds medi um ( DMBEMB7°Cio 5% @GO and sabgultured every
2-3 days 293 cells were transfected by calciyohosphate c@recipitation using a total
amount of 6ug DNA in a 10 cm culture dish. HelLa cells were cultured in DMEM
supplemented with 10%CSat 37°C, 5% CQ, in humid atmosphere and subcultured
every 23 days. HelLa cells were transfected with Lipofectamin2000 (Life Technologies,
Darmstadt, Germany) acabngtohema nuf act ur er 6 s pr ot ocol

48 hours after transfectio@ell lysis and Western blotting were performed as described
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previously (Hauck et al., 2001 In some expements cells were treated 15 min prior to
infection with PPZ10 uM) or LFM-A13 (100uM).

1 GST Pull-down assay and FarWestern Rrobing of peptide spot nembranes

For GST pulHdown assays, purified GST or G&8Ision proteins were attached to
glutathioneSeptarose beadsSgphadeX! G-25, Amersham Bioscience8B, Swedei.
200 pl of washed beads (3% in 1x PBS) were mixed with D0pg GSTprotein and
washel three times with 1x PBS after two hours at 4°C under constant rotatiayg &b
purified GST or GSTfusion proteins attached to glutathieBepharose beads were added
to 750¢l of cleared lysates from 293 cells transfected with CEACGé&Moding constructs
or the empty vector. Where indicated, the cells were additionaltyaosfeted with a v
Srcencoding plasmid (0.5eg) to ensure maximum tyrosine phosphorylation of
CEACAMS3. Samples werincubated over 2.5 hours at@ under constant rotation. After
two washes with iceold RIPA buffer, precipitates were boiled in 4 x SDS sarbpléer
before SDS gel electrophoresis and Western blot analgsiseration and probing of
peptide spot membranes was conducted as described previBuslyu et al.,2011
Schmitter et al., 200Flusing 20eg of GSFTecSH2 or GST alone

1 Gentamicin protection assays

Gentamicin protection assaygere conducted as describ@elils et al., 201R Cdls were
seeded in gelatinoated24 well platesand infected for 30 miat amultiplicity of infection

(MOI) of 20 bacteria pecell. Extracellular bacteria were killed by 45 nohincubation in
DMEM medium with50 mg/ml gentamicirand celbinding bacteia were determined

after 30 min of infection Cells were lysed with 6 saponin in PBS for 15 min. The
samples were diluted with PBS and the number of viable bacteria was determined by
plating suitable dilutions in duplicate on vitamin supplementeda@& base medium

Associated bacteria are determined in parallel without antibiotic treatment.

1 Human granulocyte isolation, Phagocytosis and xddative burst

Primary humargranulocytes were isolated from freshly draerratebufferedblood as
described previasly (Schmitter et al., 2004 In some experiments cells were treated 15
min prior to infection with PPZ10 uM), LFM-A13 (100uM), Wortmannin(100 nM) or
DMSO asvehicle control. Phagocytosis was performed as described [{Bioné&ru et al.,
2011). Briefly, indicated kinase inhibitors were added amils were infected with-§6)
carboxyfluorescensuccinylester (CFSE) labeled bacteria at MOI 30 forn3i@. Trypan
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blue (2 mg/ml) was used before measurements to quench CFSE fluorescence of
extracellular bacteria and to selectively detect the fluorescence derived from intracellular
bacteria. Phagocytosdxhcteria were quantified by flow cytometry (LSRII cytometer, BD
Biosciences) and the percentage of CH®Eitive cells was multiplied by the mean
fluorescence intensity of the sample to obtain an estimate of the total number of
internalized bacteria (uptakndex). For oxidative bursgranulocytesvere suspended in
chemiluminescence buffer (8 g/l NaCl, 0.2 g/l KCI, 0.62 g/l KH2PO4, 1.14 g/l Na2HPO4,
1 g/l glucose, 50 mg/l BSA, pH 7.2) containing luminol @§ml) andtreated before
infection with the indiated inhibitors 2 x 10° cells were infected at MOI 50 deft
uninfected and leemiluminescence was determinad described befor@untru et al.,

2017 with a Varioskan Flash spectrofluorometer (Thermo Scientific). To determine the
total amount of reactive oxygen producdtg tesponse curves were exported to GraphPad

Prism and the areamder the curves over 90 mivere calculated.

1 Phosphorylation assag

Isolatedgranulocytesvere resuspendeat a concentration of 2 10° cells/ml in Eppendorf
tubes witha PBScontaining 10mM HEPES. Granulocytes were infected at MXDlat 37

°C under rotation. % 10° transfeced 293 cells seeded in 2l plates were starved for 16
hwithDul beccobds modified Eagl 6.%5CSandidfectadat ( D ME M
MOI 50 at 37 °Cin 5% CO, Granulocytes and 293 cells were qmeubated with PP2 and
LFM-A13 inhibitors for 15min or 30min respectively After infection, the reactions were
stoppedon ice. &imples were centrifuged at 3%@ for 5min at 4 °C; resuspended in 2x
Laemmli sample buffer (SB) (62.5 mM TidCl, pH 6.8, 49 SDS, 5% Db-
mercaptoethanol, 8% glycerol, 2.5 mM orthovanadate, 10 npvhitrophenylphosphate,
10 eg/ml leupeptin, 1&g/ml aprotinin,0.025% bromophenol blue(Gilbert et al., 200Q
supplemented with 2nM PSMF, and boiled for 7 min. Lysates were used for the

determination oprotein phosphorylation levelsy western blot analysis.

1 Confocal laser scanning microscopgnd FRET acceptor photobleaching

For immunestaining of intra/extra cellular bacteria,x410* 293 transfected cells were
seeded onto coated glass coverslips (4 pg/ml fibronectin, A0l p@ly-L-Lysine in PBS)
in 24 well plates Prior to infection, bacteria were biotinylated and PacificB&eelled as
describedAgerer et al., 2004 The cells were infected with labeled Qpaexpressingd\.

gonorrhoeae(Ngo Opaea) for 30min. After infection, cells were fixed with 46
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paraformaldehyde and extracellular bacteria were selectively detected prior to cell
permeabilization (0.2% saponin in blocking buffer) with Cy&treptavidin in blocking

buffer (PBS, % FCS). All samples were analyzedth a TCS Sp5 confocal laser
scanning microscope (Leica, Wetzlar, Germany). Images digially processed with
Image)l and merged to yield pseudoloured pictures. For eocalization and FRET
experiments, 4x 10* Hela cells were seeded onto coated glasverslips (4 pg/ml
fibronectin, 10 pg/ml pohL-Lysine in PBS) in 2 well plates one day before transfection.
Transfected cells were infected with AlexaFluor8diFeled Ngo Opaa and fixed with 4

% PFA 30 minafter infection. Following two washes, cllvere embedded in mounting
medium (Dako, Glostrup, Denmark). Fluazesce microscopy was performed watii CS

SP5 confocal laser scanning microscope (Leica, Wetzlar, Germany) using, 4.63NA
PLAPO oil immersion objective lens. For acceptor photolleacFRET experiments, the
implemented FRET acceptor bleaching wizard of the Leica TCS SP5 was used. Prebleach
and postbleach images were serially recorded with excitation of EGFP at 488 nm and
mKate at 561 nm and appropriate emission bands. Low lasesitite were used to avoid
acquisition bleaching. The acceptor mKate was bleached with high laser intensity at 561
nm. Cells expressing donor constructs only were used to exclude donor bleaching under
these conditionsA pixel-by-pixel analysis of FRET bycceptor photobleaching was
performed using the FRETcalc plugin for Imadg8epensky, 2007 To calculate FRET
efficiency, donor prebleach and postbleach images were smoothed by median filtering and
background subtractedn intensity threshold and a bleaching thresholdewnapplied to

filter off all pixels with less than 8% acceptor bleaching. Apparent FRET efficiency was

calculated as Dyye

app = 17

'D;'IDE:'

1 Scanning electron microscopy

2 x 10° isolatedhuman granulocytes were seednto glass coverslipgoated with10
mg/ml poly-L-lysine in 24well plates. After 15min of infection MOI 30), samples were
fixed as described beforf@uenzneret al., 200%. Samples were dehydrated &ngraded
series 6 ethanol, critical pointdried with liquid CO, and sputtecoaed with 10 nm
gold/palladium and A2 nm platinum BAL-TEC SCD 030Critical Pint Dryer) The
sampls were analyzed with a Aurigarossbeam WorkstatiofCarl Zeiss AG, Jena,
Germany sanning electron microscope ak¥® accelerating voltage and a WD of 5 mm.

The used magnifications were x1@ukd more detailed imag&Ss0 k.
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34 Resul ts

1 The Tec SH2 domain binds to phosphorylated CEACAM3

Three distinct PTKs of the Tec family, nameBmx (bone marrow kinase on the X
chromosomepr also named EtkBtk (Br ut ons 60 s t),yanddecarenegpreksedn a s e
in myeloid cells(Schmidt et al., 2004 To investigate if Tec kinasewe able to interact

with phosphorylated CEACAM3, we generated recombinant -@&Sibn proteins
comprising the SH2 domains of Bmx, Btk, or Tec, respectivgdyng lysates of 293 cells
co-expressing A6rc and CEACAM3-promotingconstitutive phosphorylain of the Hem

ITAM of CEACAM3 (McCaw et al., 2003Schmitter et al., 20079 GST pultidown
experiments were conducted. Interestingiylyadhe Tec kinase could specifically bind to

the activated receptor via the SH2 domain, while Btk and Bmx kinases showed no
CEACAMS-interection (Figure 3.1A). In order to confirm the specificity of the SH2
domainrtbinding to the phosphorylated CEACAM3 additional pidwn analyses of GST
TecSH2, GSTSrcSH2 or GST alone were also performe®imilar to the known
interaction of the Src kinase SH2 domain, the SH2 domain of Tec was able to associate
with CEACAMS, while GST alone was not $wafent to precipitate CEACAM3Kigure

3.1B). This interaction was shown to be dependent on the cytoplasmic domain of
CEACAMS, since a CEACAM3nutant lacking the cytoplasmic domain (CEACAM3
CT) did not as s o-8rcSHR er GRMTecBH2 dFigardh 21A-B)GS T
However, GSTpull down assays do not exclude the possibility that the observed
association is indirect due to an interaction of th&-8bimain with another CEACAM3
bound cellular protein. Therefore, we performed binding assays with synthetic peptides
and recombinant proteins. Accordingly, a peptide spot membrane containing synthetic
phosphorylated or nephosphorylated peptides encompagsl5 amino acids surrounding

the tyrosine residues of the ITANke sequence of CEACAM3 was generated. This

membrane was probed with either the purified G®&SH2-domain or GST alone.
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Figure 3.1 Tec kinase binds to the proximal tyrosine phosphorylated regdue (pY230) within the

ITAM -like sequence of CEACAMS3 (A) 293 cells were transfected either with an empty vegobNA)

or HA-tagged CEACAMS constructsv{ldtype -WT or lacking cytoplasmic domaiwgpCT) i n t he presen
not of a constituted phosphorylated Src kinasé&ig). Lysates were used in pdibwn assays with the

indicated GST fusion protes encoding Tec, Btk or Bmx SHbmains. CEACAM detection was conatted

with a monoclonal arHA antibody (op pane€). Equal amounts of the GST fusion protein used in the pull
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down assay were verified bypemassie staining of the membramstom panédl (B) 293 cells were co
transfected with or without a constitutedosphorylated Src kinase together with Hkgged CEACAM3

WT or CEACAM3pC T . Lysates we-dmvn assaysjwiethdGSEedSH2, GSTEra$HR or

GST alone. GST fusion proteins were visualized by coomassie staining of the membrane (bottom panel).
CEACAMS3 variants ceprecipitating with GSTTecSH2 were detected by aftiA antibody (middle panel)

and kinase activity were analyzed regarding their phosphorylation status (top panel). Whole cell lysates
(WCLs) were verified for equal expression of CEACAMdstiucts by artHA antibody (WCL, right top

panel) and activation by anfiY antibody (WCL, right bottom panel}C) Peptide spot mennane harbouring
synthetic 15mer peptides surrounding the indicated tyrosine residues of the CEACAMS3 cytoplasmic domain
(as indicated). Tyrosine residuegher unphosphorylated (Y) or phosphorylated (W@re probed with
GST-TecSH2 or only GST as a control. Bound GST fusion proteins were detedtedna@noclonal anti

GST atibody.

Importantly, GSTTecSH2 associated selealy with the peptide comprising the
phosphorylated tyrosine 230 (pY230) of CEACAM3, but not the-ploosphorylated
peptide verifying a direct and specific protgrotein interaction Kigure 3.1C). GST
alone was not detected binding to any of the peptigigsie 3.1C). These results confirm
the interaction ofthe phosphorylated HetmTAM of CEACAMS3 with the SH2 domain of
the nonreceptorPTK Teg suggesting that this enzyme could have a functional role in
CEACAMS-initiated signaling.

1 Tecassociates specifically with CEACANMB at sites of bacterial contact in intact

cells

To analyzeif the in vitro binding of recombinaniGST-TecSH2 to phosphorylated
CEACAMS also translates tan interaction irthe cellular context, we ewansfected Hela
cells with CEACAM3mKate andfull-length TecEGFP. The trariected cells were
infected with Pacific Bludabeled Opaea-expressingN. gonorrrhoeaeand fixed 30 min
after infection. Confocal fluorescence imagg®w the clustering of CEACAM3 around
the cell-associatedacteria and the recruitment of Tec to the clustered rec@pigure
3.2A). Colocalization of the two fluorescent labels refersthe presence of thevo
interaction partners within one pixelvhich due to the diffraction limit has sgpatial
accuracy ofabout 2B nm. Hence, cdocalization does not necessardgnfirm adirect
binding of Tec to CEACAMS. Insteadn indirectassociation of Tewith the cytoplasmic
domain of CEACAMS3 in a signahg complex through multiple adapter proteins could be
possible. Therei®, we appliedForster resonance energy transfer (FREiIQroscopyto
resolve the spatial interaction more precisely thedistance over which FRET can occur
is limited to less than 10 nmwhich is in the range of direct protemmotein interactions.

We previously showdthat FRET allows the analysis of protgarotein interactions at the
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CEACAMS cytoplasmic domain in intact cel{8untru et al., 2009Kopp et al., 201p
Accordingly, we usel acceptor photobleaching to assess the efficiency of energy transfer
between CEACAM3nKate and Te&GFP Figure 3.2B). In this technique, the FRET
acceptor(mKate) is photochemically destroyed with a short higtensity laser pulse
which should result, in the case of priBRET between the two fluorophoresn an
increase of the dondEGFP)fluorescenceTherefore,mKatewas bleachedh the region
surrounding CEACAMabound bacteria (higighted by the circlpand donor fluorescence
was monitored before (prebleach) and after (poathiethe laser puls&igure 3.2B).

Indeed, upon comparison of prebleaching and postbleaching images, a clear increase of
donor intensitycould be observed, where bacteria were in closetact with the host cell
(Figure 3.2B). FRET efficiency was calculated pixby-pixel and te average FRET
efficiency of d pixels in the bleached area was 2@ When including onlypositive

FRET values between 0 % and %®in the calculation, the thresholded apparent FRET
efficiency was 10.36. The FRET efficienciesanvary from cell to cell and even within

one cell at dferent hostcontact sites. Amongst others, the apparent FRET efficiency
depends on the stoichiometry of the interaction partners. Moreover, the confocal images of
fixed samples represent a snapshot of the infection prosgksdifferent stages of
phagaytosis being captured, during whichtemporalchange of the signialg complex

composition and protein stoichiometry seems likely.

As positive controlwe measured the FRET efficiency between CEACANRate and
Hck-EGFP Suppl. Figure 3.1A), as this Src family PTK is a knownteractionpartnerof
CEACAMS (Buntru et al.2009. In the case of Hckhe average FRET efficiency was 4.6

%, when all pixels of the bleached spot were included in the analysis. When including only
positive FRET values between 0 % and 50 % in the calculation, the thresholded FRET
efficiency incrased to 13.446. These FRET efficiencies are comparable to the ones
obtainedfor the CEACAM3mKate - TecEGFP interaction. As a further contreve coe
transfected HelLa cells with CEACAM®Kate andEGFP alone(Figure 3.2C and D). In

this case, EGFP was not recruited to the clustered receptaneddror intensity was not
increased after acceptor photobleaching, comfignthat EGFP does nointeract with
bacteriaengagedCEACAM3. Finally, correct expression of&P and the various fusion
proteins TecEGFP, HckEGFP, or CEACAM3-mKatg was demonstrated by @stern
blotting Suppl. Figure 3.1B).
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Figure 3.2 A direct interaction between CEACAM3 and Tec occurs in intact cells(A-D) HelLa cells

were cetransfected with expression plasmids encoding for CEACAMGte and TeEGFP (A, B) or
CEACAM3-mKate and EGFP (C, DEells were infected with AlexaFluor64@beled OpaCEAexpressing

N. gonorrhoeae (Ngo OpaCEA) at a MOI of 50 and fixed 30 min after infec@ionfocal images show the
recruitment of full length TeEGFP to badriazbound CEACAM3represented with arrowa (A), whereas

no recruitment of EGFP to the clustered CEACAMS3 receptor is observed in (C). Acceptor photobleaching
was performed at sites of receptinding by bacteria (boxed areaé, D) The enlargements dfhe boxed

47



Chapter |

region show intensity images recorded in the donor-@EP or GFP) and acceptor (CEACAMKate)
channel before and after photobleaching of the acceptor (left pafidr).these areas, apparent FRET was
calculated and presented in psewdtor on the right hand sidéFRET efficency range from 0 %40 %)
(right panels). Note the FRET signal at the side of CEACAIM8 interaction in (B), and the absence of

FRET in the CEACAM3 and GFP expressing cehtérial (D) .

and Me intagesl &f the bleached area are presented in psmloiofor better visualizatiorScale bar
10em.

Together, lhese results do not only verify the specific and direct associafidrec and
CEACAMBS uponinfection with N. gonorhoeaein intact cells, but also precisely localize
this proteinprotein interaction to the site ofeceptor engagement by thmathogerc
bacteria.

{1 Tec activation is mediated byCEACAM3 -Hem-ITAM signaling

As Tec interacted with CEACAM3, we wanted to elucid&téec kinase has a functional
role in CEACAM3mediated signal transductiono Tirst investigate the kinetics of Tec
activation,293 cells were ctransfected with plasmids encoding CEACAM2 and Tec
and then infected with Opaa-expressingN.gonorrhoeag(Ngo Opaea; able toengage
CEACAM3) or a non OpaxpressingN.gonorrhoeae(Ngo Opa; unable to bind
CEACAM3). The Opa phenotype of the used bactep@pulations was confirmed by
western blotting with a monoclonaht-Opa antibody Kigure 3.3A). After different time
points, whole cell lysates were prepared amhlyzed by wstern blotting Figure
3.3A and B). As a confirmation of receptor engagement by the bactaenancreased
tyrosine phosphorylation of CEACAM3(~34 kDa protein size) was observeghon
infectionwith Ngo Opaga, which wasmaximal after 30nin (Figure 3.3A). As expected,
no increased phosphorylation of CEACAMS3 occurred upon infection with Nge, Opa
which are not able to engage CEACAMBigure 3.3A). CEACAM3 expression in the
transfected cells was confirmed by blotting wetht-HA antibodies and equal loading of
the lysates was verified by probing witimtitubulin antibodies Figure 3.3A; lower
panel) Within the same time course a marked increase in the phosphorylation of Src and
Tec upon infection with CEACAMbinding gonocodc (Ngo Opaea) was observed
(Figure 3.3B). Tec family kinasesequiretyrosine phosphorylation in thHanase domain
activation loopas a preaequisite for full activation, which can be monitored by phospho
specific antibodies directed against pYgB®adshaw, 2010 Indeed, Tec kinase showed a

pronounced increase in tyrosine phosphorylation in the Tec kinase domain activation loop
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(pY519) upon infection with Ngo Opaa, but not Ngo Opa implying a substantial
activation of this enzyme in response to CEACAM3 engagerfire 3.3B).
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Figure 3.3 Inhibition of Tec kinase reduce CEACAM3 -mediated phagocytosis.(A) Opa expression of
gonococci strains used forinfection was confirmed by western Hiog. Transfected 293 cells with
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CEACAMB3-HA and full length Tec were infected with Qpa or non OpaexpressingN. gamorrhoeag(Ngo
Opacea or Ngo Opa) for the indicated time points. Whole cell lysates (WCL) werebed against
phosphotyrosineresides (pY, HA-tag and tubulin.(B) Lysates from (A) were probed against active
phospheSrc (pSrc-Y418) and inactive <Src (upper panels) oagainst active phospkbec (pTeeY519) and
inactive (lower panels)C) 293 cells were transfected with @DNA empty vector or caransfected with
CEACAM3-Cerulean and TeElA. For potein expression of transfectaxlls, whole cell lysateswvere
probed against Tec, GFP (for CEACAMZ:rulean detection) or tubulin as antibody as loading coriB®jl.
Transfecteccells were incubated or not with 1M LFM-A13 for 15 min before infection with Opga-
expresing gonococcCells were employed for tal bacterial adhesiolE) The number of viable intracellular

bacteria was determined by gentamicin protection assays of transfected cells. After gentamicin treatment,

interndized bacteria were recovered and counted. Bars represent mean ¥&@ued ofthree independent
experiments done in triplicate. Statistical significance was determined using a tpaireded Student's -t
test (* p<0.05; ** p<0.01, *** p<0,001)(F) CEACAMS3 cotransfected 293 cells with Tec were treated or
with inhibitors of the & (10 uM PP2) or TecX00uM LFMA-13) for 15 min beforénfection (Ngo Opaor
Opaeka) as indicatedWestern blot analyses were performed for Tec, pho3@uo(pY519), CEACAM3
(HA) and Vinculin as loading control.

1 Tec activity contributes to bacterial internalization by CEACAM3

To examine the functional role of Tec in CEACAM8tiated processesCEACAMS3-
Cerulean was expressed in 293 cells with or withoutHA&cFurthermore, 293 cells were
transfected with the emyptcontrol vector (pcDNA) as a negative control. Expression of
transfected CECAM3-Cerulean was verified by egtern blotting wittanttGFP antibody
(Figure 3.3C). Also, overexpression of Tec was determinedabyTec antibody, which
detected low levels of endogenous Tec in control transfected 293 [Egjigg 3.3C).
Transfected cells were then employed in infection assays @ifrea-expressingN.
gonorrhoeae to examine CEACAM3lependent cell binding and bacterial uptake.
Importantly, neither overexpssion of Tec nornhibition of Tec kinase activity by the
pharmacological inhibitor LFMA13 (Mahajan et al., 1999Jckun et al., 200Baltered the
overall celtbinding of Ngo Opaea to the cells (Figure 3.3D). However, Tec
overexpression clearly resulted in a gain of function with increased internalization of Ngo
Opaea by CEACAMS3-expressing 293 cell@-igure 3.3E). When Tec kinase activity was
inhibited by LFMA13, a strong (~5@6) reduction in bacterial uptake was observed in
CEACAMS3-transfected 293 cells e=xpressing TecHgure 3.3E). Interestingly, LFM

A13 also reduced bacterial internalization in 293 cells, which were not overexpressing Tec,
indicating that the low endogenous amounts of Tec in 293 cellst raigh contribute to
CEACAMS3-mediated bacterial internalizatigrigure 3.3E). As both Srcand Tec PTKs

were activated within 5 45 min after bacterial infection, wevondered, whether both
protein kinases work in parallel or if one kinase depends on the other enzyme for its
activity. Thus 293 cells were ctransfected either with plasmids encoding CEACAMS3
HA or CEACAM3HA | acking the cytoplasmic tail
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Cells were treated or not an inhibitor of Tec (LF¥\3) or aSrc PTK inhibitor (PP2)and
infected with NgoOpa:ea or Ngo Opa for 30 min Wholecell lysates were employed in
western blots against the phosphorylated Tec kina¥&19 or agairst total Tec levels
(Figure 3.3F). Furthermore, expression of CEACAMB CEACAM3p@CT was moni t o
and blotting against vinculin served as a loading contfaufe 3.3F). Interestingly,
phosphorylation of the Tec kinase domain activation loop was completely inhibited by PP2
and to a lesser extent by LFML3, supporting the idea that Src PTKs are upstream of Tec
kinase activity and Tec kinase autophosphorylation might also contributell tdefu
activity (Figure 3.3F). Clearly, activation of Tec required CEACAM3 engagement by
Opacea-expressing bacteria (Ngo Qpa) and depended on the integrity of the
CEACAM3 cytoplasmic domain Higure 3.3F). Together, these data suggest that in
CEACAMBS-transfected 293 cells Tec is activated in response to receptor engagement by

baceria and depends on prior Src activity.

1 Tec kinase activity is downstream of CEACAMB3triggered Src PTK activation in

human granulocytes
To investigate if a similar signaling cascade operates in primary granulocytes; we isolated
and purified polymorphonueér cells from peripheral human blood. Following incubation
with nornropaque or Opg&a-expressing gonococci (Ngo Opar Ngo Opagp) tyrosine
phosphorylation of cellular proteins occuring within 5 to 80n of infection was
monitored by vestern blotting. Aexpected, the professional phagocytes showed a rapid
increase in tyrosine phosphorylation of multiple proteins with a maximum occuring at ~15
min after infection with Ngo Opaa (Figure 3.4A). Within the same time frame, Ngo
Opa did not trigger a change in tyrosine phosphorylation compared to uninfected cells
(Figure 3.4A). As doserved in transfected 293 cells, infection with Ngo &palso
induced a rapid activation of Src and Tec PTKig\re 3.4B). When primary granulocytes
were infectedor 15 min in the presence of PP2 or LFAL3, respectively, Src activation
was blocked by PP2, but not by the Tec kinase inhibitor {413 (Figure 3.4C). In line
with the results obtained in transfected 293 cells, both PP2 andAlRMVtreatment
affected Tec kinase domain phosphorylation in primary granulodyigsré 3.4C). These
findings corroborate the view that CEACAM3 engagement by bacteria triggers rapid Src

kinase activity, which is required to promote the activation of Tec.
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1 Tec kinase is involved in CEACAMinitiated production of ROS

Via CEACAM3-initiated signaling,gonococcitrigger the production of reactive oxygen
specieROS) by granulocytegBuntru et al., 2011Sarantis and Gra@wen, 200Y. To
investigatelf Tec kinase has a major role in modulating dxédative burstin response to
Neisseria gonorrhoeadrOS productiomf primary humargranulocytesvas measuredis

shown before, Opaa protein expressingN. gonorrhoeae(Ngo Opagea) induce a
prominent oxidative burst within 5 to 3@in (Figure 3.5A). In contrast, noipaque
bacteria, which do not engage CEACAMS3, do not trigger ROS formation in the absence of
opsonizing agents, confirming that the observed release of reactive oxygaes Spe
response to Ngo Opa. is CEACAM-dependent Kigure 3.5A). Previously,

(Pl 3Ks)

initiated reactive oxygen formatigiBuntru et al., 2011 as evidenced by the complete

phosphatidylinositeB 6 ki nases have

abrogation of ROS production in the presence of the PI3K inhibitor wortmaRiguaré
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3.5A). In a similar manner, the Src PTK inhibitor PP2 almost completely disrupted the
oxidative burstandalso Tec kinasanhibition impaired the production of reactive oxygen
speciegFigure 3.5A). Compared to solvent treated cells (DMSO), the Tec inhibitor LFM
A13 reduced thexidative response during the first houriofection by 50%, whereas

PP2 as well as wortmannin had a stronger impiiggu(e 3.5B). Together, lhesedata
indicate that Tec contributes to maximal bactericidal responses in primary human

granulocytes ingsponse to CEACAM3 stimulation.
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Figure 3.5 Tec activity contributes to granulocyte oxidative burst upon gonococcalinfection. Primary

human granulocytes were infected at MOI 50 with 2p@&r honOpa expressing gonococci (Ngo @paor

Ngo Opa), left uninfected opretreated with indicated inhibitors (108M Wortmannin 10 uM PP2 100

UM LFM-A13) as well with DMSO as solvent control. Reactive oxygen species (ROS) production was
measured by luminallependent chemiluminescen¢&) The graph shows counts of absort&naits. (a.u.)

from measurements every 2 min over 100 min. Counts are mean values from one representative experiment
(of three independent experiments) done in triplicéB@.Total oxidative burst was calculated by the area
under the curves and valuesreigormalized to the untreated sample infected with Nga-£p&tatistical
significance was determined by using a pait@d-tailed Student's -test (** p<0.01, *** p<0,001).Bars
represent mean values 13V, n=3.

1 Tec kinase inhibition impairs CEACAM3-initiated signaling to the cytoskeleton

Tec inhibition in CEACAMB3expressing 293 cells impaired phagocytosis of @pa
protein expressing gonococci. In order to confirm the role of Tec in opsuiependent
phagocytos of primary cells, human granulocytes from peripheral blood were treated or
not with the Tec specific inhibitor LFM\13 or the Src inhibitor PP2, respectively.
Granulocytes were next infected for 15 min with fluoresd¢aloeled Opaea protein
expressing (Ngo Opaea) or nonropaque (Ngo Opa N.gonorrhoeae Infected
granulocytes were themnalyzed for cell-associated fluorescein fluorescence in the

presence of trypan blue, which quenches fluorescence derived from extracellular bacteria.

53



Chapter |

Therefore, the remiaing fluorescence intensity is a measure of the amount of internalized
bacteria. Importantly, Ngo Opaare not recognized and phagocytosed under these
conditions, whereas Opa. protein expressing gonococci were rapidly internalized by the
primary cells vithin 15 min Figure 3.6A). Pretreatment of granulocytes with solvent
(DMSO) did not impair opsonimdependent phagocytosis of Ngo @Qpa whereas both
inhibition of Src as well as inhibition of TdeTKs resulted m a significant decrease in
bacterial uptake Higure 3.6A). To further illuminate the process of phagocytosis in
untreated versus inhibitor treated granulocytes, wafopmed scanning electron
microscopy on infected samples. Importantly, untreated and Divi®ed granulocytes
elaborated extensive, micromegzed lamellipodial protrusions at the sites of bacterial
contact upon CEACAM3 engagemenFiqure 3.6B). These prominent membrane
protrusions have been observed before and result from a massive inductamtinffased
cytoskeletal structurg®ils et al., 2012Schmitter et al., 2004 In line with the central role

of Src family PTKs in CEACAM3nediated phagocytosis, lamellipodia were completely
absent in PR&eated granulocytes, while bacteria still associated with the cell surface
(Figure 3.6B). Strikingly, inhibition of Tec kinaseby LFM-A13 still allowedminor cell
protrusions in the form of ~500 nm filopodi&igure 3.6B). However, lamellipodia
formationwas also completely suppressed upon Tec inhibition suggekthgdec kinase
activity is critical to allow progression of initial filopodial structures into the massive
lamellipodial protrusions observed in untreated céligure 3.6B). These results indicated
that Tec kinase contributes to the regulation of actin cytoskeletal rearrangements, which
occur upon CEACAMS3 clusteringlownstreamof Src PTK activation. A key factor
responsible for -actin formation in response to CEACAViengagement is the small
GTPase Rac, which in turn is stimulated by the guanine nucleotide exchange factor (GEF)
Vav (Buntru et al., 2012Schmitter et al.,, 200JaPrevious studies havedicated a
functional interaction of th&@ec family kinase membeBtk with Vav during Dectinl
mediatedohagocytosi®f Candida albicangStrijbis et al., 2018 Therefore, we monitored
Vav tyrosine phosphorylation iprimary human granulocytes upon infection with @pa
protein expressindN. gonorrhoeae Indeed, Vav was rapidly phosphorylated at Y174

within 515 min upon infectionEigure 3.6C).
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Figure 3.6 Inhibition of Tec kinase impairs CEACAM3-innitiated lamelipodial formation and Vav
activation in human granulocytes.(A) Isolated granulocytes were treated with Src (M PP2, Tec (L00

MM LFMA-13) or DMSO as solvent for 15 miprior to infection with CFSHabelled Opaga-expresing
gonococci. After 30 mimf infection, internalized bacteria were determitgdflow cytometry analysis and
CFSE fluorescence from extracellular gonococci was quenched by addition of trypan blue to a final
concentration of 0.2mg/ml. Bars represent mean values + S.E.M of atHesstndependent experiments.
Statistical significance was determined using a pairedtailed Student's-test (** p<0.01, *** p<0.001)

(B) Primary human cells werigolatedand pretreated with indicated inhibitors as web with the vehicle

DMSO (10 pM PP2 andlO0 pM LFM-A13). After inhibition-treatment granulocytes were infected for 15

min with Opaga-expressingN. gonorrhoeaeUpon fixation, samples were processed for scanning electron
microscopy (SEM). SEM images show human granulocytes in tioeegs of opsoniindependent
phagocytosis of multiple gonococci via large lamellipodial protrusions (boxed area). The boxed area (x19 k)
is enlarged in the right panel and at higher magnification (x50 k) a detailed image of the phagocyte surface
and lamepdial protrusion are indicated with arrowsthe site of infection(C) Human granulocytesere
infected with nonOpa or Opgega-expressingN. gonorrhoeae Whole cell lysates (WCL) of dman
granulocytes infected different timesas indicatedvere probed against active phospbav (pVav-pY174)

or regular Vavlinfected luman granulocyteseretreated or not with Src or Tec inhibitors (UM PP2and

100uM LFMA-13, respectively)Lysates were usad western blotting as indicated.
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More importanty, inhibition of both Src PTKs as well as Tec kinases completely
abrogated Vav tyrosine phosphorylatidfigure 3.6C) suggesting that Tec contributes to
maximal CEAAM3-mediated phagocytosis by controlling the tyrosine phosphorylation
of Vav. Thereby, Tec has a prominent role downstream of Src PTKs in regulating the
massive cytoskeletal rearrangements necesfarythe efficient @soninrindependent
phagocytosis andietinationof CEACAMS3-binding bacteria by humagranulocytes

35 Discussi on

Among myeloid Tec family kinase®tk and Tec are well known PTKs in regulation
calciumsignalingfollowing B-cell receptor activatioiFluckiger et al., 1998 Mutatiors

of Btk can causeX-linked agammaglobulinemia (XLA) in humaiSatterthwaite et al.,
1998 or X-linked immunodeficiencyxid) in mice (Rawlings et al., 1993Thomas et al.,
1993, restuting in defective responses to antigen receptor signaling which lead to altered
development and defects in functional responses, including cellular proliferation,
expression of activation markers, dyitee and antibody production as wellr@sponses to
infectious diseasél.ewis et al., 2001 Satterthwaite and Witte, 20p0Previousin vivo
studies with Tec kinasdeficient mice revealed that the absence of Tec kinase causes no
major phenotypic alteration of the immune system. However, Tec/Btk ddeb@ent

mice could showhatboth Tec kinases are functionalgdundant and essential for Blic
function and deMepment(Elimeier et al., 2000 On theother hand, Tec kinases are also
involved inT-cell-receptor (TCR) signaling iresponse to antigen recognitiandappear

to be requiredor full phosphorylation and activation of PLE important &r production

and Calcium mobilization due to its enzymatic activitygemerate P3 anddiacylglycerol
(DAG) (Lewis et al., 2001Rhee, 200;LScharenberg and Kinet, 199&articularly, Tec
kinase has been shown to be activdtesides BCRKitanaka et al., 1998y TCR/CD28
mediated sigals (Yang et al., 1999 In additionTec family kinasesalso contribute to
regulation of actircytoskeletal rearrangements in resg®ito antigen receptor amdher
signaling pathwaysFurther contributions ofthe Tec kinases to actin cytoskeleton
regulation have been suggested from interactions WWMASP (Baba et al., 1999
Guinamard et al., 199&akuma et al., 20)&nd Vav(Kline et al., 2001 Strijbis et al.,
2013 TakahashiTezuka et al., 1997 Former studies have been reported the interaction
between Tec kinase and the GEF Vav via the TH dohachide et al., 199%r the SH2
domain of TedTakahashiTezuka et al., 1997
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Though Tec family kinases are known to be critgighalingcomponents irlymphocytes
downstream of the-Tor B-cell receptor, their role in myeloid cells is less cleaonigcyte
cells from XLA patients showed a defective CRG@RZ, and Femediated phagocytosis
and chemotaxis, where superoxide anion production was not affected by thendgfof

Btk (Amoras et al., 2003 Due to conflictingoles for Tec family kinases in regulation of
TLR-dependent signaling in myeloid cells, a recent study has compared the
phosphoproteome regulated by Tec kinagesn LPS stimulationin primary peritoneal
and bone marrowderived macrophage3he study isconsistent with a model where Tec
kinases (Btk, Tec, Bmx) are required for THd@pendent signalingnd distinctly regulated

in many types of myeloid cellfampella et al., 20)5However, in granulocytes other
functions such as chemotaxigdhesion, productio of reactive oxygen species,
degranulationinflammatory response as well as calcium mobilizatiane been shown to
be dependent on Tec family kinase acti(ifernandes et al., 200&ilbert et al., 2003
Lachance et al., 2@)Mangla et al., 2004 Peculiarly, Tec kinase has also been shown to
be activatedn otherhematopoietic cells by cytokine receptors ford{Mano et al., 1995
TakahashiTezuka et al., 1997Yamashita et al., 1998IL-6 (TakahashiTezuka et aJ.
1997, stem cell factofTang et al., 1994 thrombopoietin(Yamashita et al., 199,7and
GM-CSF(Yamashita et al., 1998

Albeit Tec family kinasesare implicated in manysignaling processes, their role in
microbial infection remains elusiv&rom Tec kinases expressed in myeloid c@EK

has been reported to be involved in TLR&diated activation of nuclear factal® (NFoB)
after LPS stimulation(Jefferies et al., 2003in Listeria monocytogenemfection upon
TLR2 activation(Koprulu et al., 201Bas well asin Dectin-1-mediatedphagocytosis of
Candida albicangStrijbis et al., 2013 Mor eover, Btk and-Tec
mediated phagocytosis of Ig@BC (JongstraBilen et al., 2008 Recently, Tec kinase has
been alsaeported to play a role in the immune respdmgenacrophages updangal but
not so far by bacterial pathoge@@wolanek et al., 2004 Zowolanek and colleagues
showed that Tec is responsible for the inflammatory response a@aindida albicans
infection regulated via Dectih. Interestingly the Teedependent activation of the caspase
8 inflammasome is phagocytosiglependent, indicating as well that Tec (opposite to Btk)
might interact with DectifrL not by its phagocytic but in a sensing m@@enghuis et al.,
2012.

57



Chapter |

Tec kinases have versatile roles reflected by their prpt@tein and lipidprotein
interaction modular structurg®iu and Kung, 2000 They encompas®ur distinctive
structural modulesvhich recognize and bind to a variety of cellular factors to form signal
complexes 1) Pleckstrin homology (PH) domain located at theeminus (except for
RIk). 2) Tec homology (TH) domain consisting of a Btk homology (BH) motif and of one
or two Roline-rich (PR) regions. 3)i8gle Src homology (SH) domains SH2 and SHS3. 4)
Tyrosine kinase catalytic domain(SHBmith et al., 200 Tec family kinasefave been
shown similarities and differences with regard to activation in comparison to otbers n
receptor PTKs Tec kinases resemble those of the -faroily in regard to their
submoleciar make upboth are all autanhibited and regulated by extrinsic factdist

their phosphorylation showlifferent types of activation. Src kinases possess a @rade
switches patterrtheyfirst have to be dephosphorylated on thé&e€@ninal tail followed by

the phosphorylation of the kinase domdmaddition, dfferent signals like SH2 and SH3
ligand binding also contribute to gradually increase kinase activitfufoactivation. On

the other hand, Teamily tyrosine kinases need in parallel two stimuli to get fully
activated: phosphorylation of the kinase domain (in the activation loop) as well as the
proper localization andbinding to a linker between the SH2nd the kinase domains
(phosphoryl at - o a d@rdshac 2010f TAws Dmultiple domains help

to localize the kinase and regulate its actividylike the Src kinases, the displacement of
the surrounding domains is not sufficient to activate the Tec kinase, while an isolated Src
kinase domain displays higletavity, a solitary Tec kinase domain will be almost inactive
(Brad$haw, 2010. In this regard, it can beassumed that upon SH2 binding,
phosphorylation of the activation loop of the Tec kinase (Tyr 519) may occur more easily
and the SHXKinase linker may get relocated to allow interaction with the kinase domain to
establish activationin particular,Tec kinases activation requiresembrane localization,
which for most Tec kinases is regulated by the intevaatif the PH domain with PB,

and subsequentrysinephosphorylation by 18 PTKs(Takesono et al., 2002

CEACAMS represents an efficient phagocytic receptor, which allows the recognition and
elimination of CEACAMbinding bacteria by human granulocytes. Therefore, the
intracellularsignalingconnections of this protein are o&nticular interest to explain the
rapid action of CEACAM3The direct association of CEACAM3 with the SH2 domain of
the regulatory subunit of PI3K activates the kimat the plasma membraaedalso leads

to a strong increase of PIP3 levels in the viginof CEACAMB3-associated bacteria

observed by the specific recruitment of fluorescently labeled PH dor(Baath et al.,
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2003. However,inhibition of the class PI3K bywortmannin treatment (concentrations up
to 200 nM) does not interfere with phagocytosis of CEACANhding bacteria by
CEACAMBS-transfected cell lines or by primary human neutrop{Blsntru et al., 2011
Thus, he PI3Kindependent uptake of Oga-expressingN.gonorrhoeaesuggest a
membrane recruitment of Tec kinase indepeatigeof PH binding to PIP&s product of
class | PI3K whereas a direct binding of Tec to CEACAM3 facilitates the close proximity
to the phosphorylated receptor for interaction of protein domains and further kinase
phosphorylation by 18 PTKs which fully activate the Tec kinase Therefore upon
bacterial infectionwe propose that Tec kinasetargeted to the membrane via its SH2
domain in a tyrosine phosphorylation dependdnit PIP3independentmanner to the
CEACAMS3-HemITAM. However, future studies arequired to test the role of PI3K

the CEACAMa3initiated activation of Tec observed uphngonorrhoeaenfection.

Circulating leukocytes are known to respond at the site of infection by developing a
polarized morphology with the formation of a lamellipodium at the leading edge and
auropod at the trailing edge. After infection, the rapid nucleation and actin polytiogriza

of granulocytes are essential in lamellipodium formation for an efficient phagocytosis
(Eddy et al., 200R In this investigation, we find that a direct association of the Hem
ITAM of CEACAMS3 with the cytoplasmic protein tyrosine k#®a Tec contributes to
CEACAMS-initiated functional responses of granulocytes. In particular, the Tec SH2
domain binds to p230 of CEACAM3HemITAM and this kinase is activated within 5
min of CEACAM3 ligation. Tec kinase activity is responsible for maxirtyabsine
phosphorylation of th6&EF Vav, and contributes to bacterial internalisation and induction
of an oxidative burst by the phagocyt@fiese observations provide direct evidence that
Tec kinase is involved in CEACAMRBitiated actin cytoskeletehasd subcellular

structures downstream IPd Ksactivation.

Taking into account that CEACAMS3 signaling differs from canonical ITAM signaling, the
HemITAM-like sequence of CEACAMS3 shewires bacterial recognition and Rac
stimulation via a direct associatiovith the GEF Vav to promote actin reorganization,
rapid phagocytosis and elimination of CEACAMNhding human bacterial pathogens
(Hauck et al., 1998Pils et al., 2012 Schmitter et al., 200JaPrevious studies have
reported that association of Btk with Vav contributes to Dedliegdedent Candida
phagocytosigStrijbis et al., 2018 as well as immunoprecipitation experiments have been

demonstrated a specific binding of Vav to Tec kingdee et al.,, 2001 Machide et al.,
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1995 TakahashiTezuka et al., 1997 Moreover, tyrosine phosphorylated Vav has been
found constitutivel associated with Te€ramashita et al., 199as well as Tec has been
shown to enhance the GEF activity of Vavl by an increase inti®tRd RaciKline et

al., 200). Vav family members are GEFs that facilitate the exchange of GDP for GTP to
activate members of the Rho GTPase fanslych as Racwhich are involved in actin
cytoskeleton reorganizatiofBustelo, 2001 Crespo et al., 1997 In line with this,our
resultsrevealeda reduced tyrosine phosphorylatiof Vav in the presence @rc and Tec
PTKs inhibitors (PP2 and LFMAL3, respectively. Thus, it is likely that Tec participate

in the active reorganization tiie actin cytoskeleton for bacterial tgke by activating the
GEF Vav as upstream regulator of the GTPase Rac. Furthermore, the specific granulocyte
phenotypeobserved in the presencetbe Tec inhibitor LFMA13 could be explained by
affecting phosphorylation of Vav and, therefore, impairirag Rctivation for downstream
cytoskeleton rearrangements. Remarkablgc kinases are known also to act on
phospholipase GPLC)-9, thereby affectinglownstream eventsuch asDAG production

and Protein kinase C (PKC) family activation for enabling projmsure of the phagocytic

cup (Scott et al., 2005Strijbis et al., 201B In consequence, we assume that theseIsignha
molecules could also be involved downstream of Tec activation dGERCAM3 Hem

ITAM signaling, however, further studies are required to analysedependansignaling

pathwaygSuppl. Figure 3.2).

CEACAMS coordinates signaling events that not only mediate bacterial ybiatkalso

initiate the bactericidal response by human granulocytes. GTPases are critical activators of
several granulocyte functions such as actin cytoskeleton rearrangements, phagocytosis and
the generation of reactive oxygen derivatives by activatiorthef NADPH oxidase
(Diekmann egl., 1994 Dinauer, 2003Schmitter et al., 200§aOur datademonstrate that

Tec kinase also influencéke regulation of the oxidative metabolismgranulocytesin

this study, after Tedkinase is regulated in a protganotein interaction directly with
CEACAMS, the recognition and bacterial uptake is initiated by the stimulation of the small
GTPase Rac (possibly mediated by Tec kinase), critical for further effector functions of
human granulocytesuch as am cytoskeleton rearrangementéiagocytosis awell asthe
generation of reactive oxygepecies by the NADPH oxidagBokoch and Diebold, ZI?;

Cox et al., 1997Hauck et al., 1998 The rapid generation dROS by grandocytes in
response to CEACAMbinding bacteria depends on the activity of PI3K that is recruited to
clustered CEACAM (pY230) via its SH2 domairfBuntru et al., 2011 Since PI3K

activity regulates the neutrophil NADPH oxidase complex at several stages-by 3
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phosphorylated phosphatidylinositidgokoch and Diebold, 2002Hawkins et al. 2007,
it is also known thathe products of PI3& work particularly in cooperationvith GTP
loaded Rac to assemble a functional NADPH oxidase complex at the phagosomal

membrandBuntru et al., 201)1(Suppl. Figure 3.2).

Our results reveal an unforeseen functional contribution of Tec kinase to the epsonin
independent phagocytosis of bacteria bg granulocyte receptor CEACAMBIowever,

the capacity of the cytoplasmic tyrosine kinase fbaegulate downstream proteins (which
may contribute dependent or independently to the activatioraefand PLC) in human
granulocytes still to be solveth addition,decipheing the coordination of tk Tecebinding

to the HemITAM of CEACAMS will require further studies to resolve the temporal
patterns of kinase recruitment within a sequential and spatial distribDiento the lack

of a transgenic animal model with specific expressioCBACAM3 experimentationin

vitro with Tecknock outgranulocytelike cellswill help to clarify the role of this kinase in

the context of a signaling netwk driven by the innate immumecepor CEACAM3.
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v é,g ég Suppl. Figure 3.1 Direct interaction of Hck-SH2
S & & ¥ domain with CEACAMS3 is confirmed by FRET. (A)
& ¥ E HelLa cells were ctransfected with expressi plasmids
Kpa - + + + CEACAM3-mKate encoding for CEACAM-mKate and HcEGFP. Cells
-— were infected with AF64Tabeled Opgea-expressingN.
| < e gonorrhoeaeat a MOl of 50 and fixed 30 mirafter
infection. @nfocal images show the recrugmt of full
1 length Hck to CEACAM3 at bacterial sitepresented with
arrows Enlarged images of thdoxed region were
._ - recorded before and after photobleaching the mK
_-— acceptor in a defined spot area. FRET wakulated as
WCL; a-GFP described under o6Materi al
range from 0 % 40 %). Images of the bleael area are
66 @RI s | <— CEACAM3-mKate presented in pseuemlor for beter visualization.Scale
WCL; a-mKate bar10 em. (B) 293 cells were ctransfected with mKate
55 tagged CEACAMS3 together with the indicated EG
E tagged constructs. Whole cell lysates (WCL) we
WCL; a-Vinculin analyzed by western blotting to verify expression

constructs used for FREhalysis (EGFP, HGlEEGFP, and
TecEGFP as well as expression of CEACAMKate)
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Neisseria gonorrhoeae Neisseria gonorrhoeae

Lamellipodia
formation

Fie
CEACAMS3 :‘;‘;ﬁa

Actin polymerization
Phagosome formation
Phagocytosis
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Oxidase
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Degradation in lysosomes
Oxidative Burst Calcium mobilization

Bacterial killing

PLCy — DAG —— PKC

—— Phagocytosis —— Bacterial killing —— Calcium mobilization —— not experimentally
proven

N
®--+ Potential ---> Putative interaction ¢ 4 GTP loading
phosphorylation

Suppl. Figure 3.2 The role of the nonreceptor protein tyrosine kinase Tec inCEACAM3 Hem-ITAM

signaling. Upon receptor clustering byCEACAM-binding bacteria enggment (e.g. Opaea protein
expressing\eisseria gonorrhoedeCEACAMS is tyrosinephosphorylated by the Src family kinases. Tec is
recruited at the membrane and localized to the site of the activatedorelog bindng of its SH2domain to

the pY230 of the CEACAM3HemITAM. The subsequent binding conformation facilitates the
phosphorylation of Tec kinase by PG Ksto complete activation. Fully activated Tec phosphorylates the
RacGEF Vav leading to a eéhamic membrane and cytoskeleton remodeling meditated by Vav, which
activates the small GTPase Rac. Subsequently, one of the SH3 domains of the adaptor molecule Nck
constitutively binds Napl facilitating the activation of the WAVE complex by the -Bafed Rac.
Together, they orchestrate thadtin reorganization and final lamelipodia formation during CEACAM3
innitated phagocytosis. The Ski®main of the p55 subunit of PI3K is also recruited diyeto the pY230 of
CEACAM3, whereas Syk might indirectly eract with CEACAM3. After bacterial uptake, downstream
oxidative burst requires PI3K, Syk and GRRc to regulate the assembly and activation of the NADPH
oxidase complex for bacterial kiling by human granulocytes. Furthermore, Tec kinase could possibly
activate PLCo, |l eading to DAG producti tro bacteda PKC a
internalization.
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41 Abstract

CEACAMS is a peculiar member of the human CEACAM family exclusively expressed on
neutrophils, and a weknown phagocytic receptor of humasstricted pathogens
includingNeisseria gonorrhoead his innate immune receptekhibits aphosphotyrosine
based (HeriTAM) signaling which promotes phagocytosis and killing of a diverse group
of CEACAM-binding bacteria. So far, the study of the granulocyte CEACAMS3 has been
mainly byex vivo/ in vitro experiments due to the lack of a suitabl@ivo standard model
such as the mouse. To help in clarifying thevivo role of this innate immune receptor in
controlling infection by humanestricted bacteria and shed light on the CEACAM3
signaling, a humamed transgenic mouse was generated to express exclusively
CEACAMS3. The CEACAMS3 construct was cloned intoskeeping beautyransponson
vector for an efficient genome insertion. The transgenesis model consist of a mKate fusion
protein of CEACAMB3 together ith an intact 4 Kb long promoter region from a human
bacterial artificial chromosome of tHeéEACAM3gene. After microinjetion of fertilized
oocytes, micewere analyzed by southern blot. One out of two founder animals could
survive and be bredJnexpectedl, Genotypingindicatedgerm line transmission of the
human transgene butith a frequency of transmission lower than 0.5. Transgenic mouse
neutrophils were characterized a@&ACAM3 expression was tested by flow cytometry
and western blotting. HoweverCEACAM3 was strikingly umletected in mouse
neutrophils.The lack of association witgonococciin functional assays and a failure to
detect CEACAM3mRNA by RT-PCRin samples from transgenic animalsppored the

idea, that the CEACAMS transgene was silentethese animalsFor future studies of
CEACAMS3 and its contribution to the infection proceiss vivo, novel transgenesis
techniqueseed to be applied

42 I ntroduction

Carcinoembryonic antigerelated cell adhesion molecule GBEACAM3), also known as
CGM1 (CEA family member 1) o€D66d (Cluster of Differentiation 66d), is a human
protein coding generganized into the proximal CEA gene cluster of 250 Kb, relative to
the centromere on the long arm (q) of chromosome 19 in the regioR.29@tientation
plus strand]Brandriff et al., 1992Nagel et al., 1993rhompson et al., 1992
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Granulocytes play a critical role in the innate immune response against invading
microorganisms. Recognition of bacteria by granulocytes can be tedthmmough binding

of Fc receptor or complement receptor 1 (CR1) which target specific opsonins
(immunoglobulins or complement system proteins, respectively) and coat the bacteria for
ingestion. However, hie interaction between some hursdapted pathogen and
neutrophils is also opsonin independent and facilitated by bacterial surface adhesins which
specifically bind to the carcinoembryonic antigetated cell adhesion molecule
(CEACAM) family to colonize and infect different tissues in the human {Baynich et

al., 2007 Chen and Gotschlich, 199€6hen et al., 1997GrayOwen et al., 1997Hill et

al., 2001 Hill and Virji, 2003 Tchoupa et al., 2014/irji et al., 199§. CEACAM-binding
bacteria are known to bind four members of the CEACAM family (CEACAMI,
CEACAM3, CEACAM5, CEACAMG6) where three of them (excluding CEACAMbS) are
expressed on human granulocy(Bss et al.,1998 Chen et al., 1997Gray-Owen et al.,
19973 Kuespert et al., 2006 However, CEACAMS3 is restrictedly expresed on
neutrophils and acts asdecoyreceptor of the innate immune system to capture human
restricted bacteriandinitiate a potent bactericidal respon@@untru et al., 201,2McCaw

et al., 2003Pils et al., 2008Sarantis and Gra@wen, 2011 Schmitter et al., 20040ne

of the difficulties of investigating CEACAMnNediated interactions has been the lack of
naturally occurring human homologues in mammalian animals such as the mouse. Studies
of CEACAM3 asa phagocytic receptor exclusively expressed on human neutrophiés hav
traditionally been limited toex vivo/ in vitro analyses. Experimental work $a
demonstrated the contribution of this receptor to the innate immune response against
human restricted bacteria likBleisseria gonorrhoeaeHaemophilus influenzaeand
Moraxella catarrhalis(Hauck et al., 1997 Pils et al., 2012 Sarantis and Gra@wen,

2011, Schmitter et al., 20Q4chmitter et al., 200JaDuring the last decades thgrsling

of CEACAMS3 has been well describeBecently, CEACAM3 waproposed to harbor a
functional herAITAM instead of a canonicél AM -like sequence. The phosphorylation of
only one of the tyrosine residues (the membrane proximal Tyr230) within thel Hevh

is sufficient to provide a short wire for activation of several signaling factors to orchestrate
a fast opsonkindependent phagocytosis and additionally to drive the bacterial clearance of
humanrestricted bacteria by human neutroplBsintru et al., 201

Neutrophil granulocyteare the mosaibundant cell type of white blood cells (WBC) in
mammals and form an essential part of the innate immune system. They can be easily

obtained from peripheral blood. Howeveatye to their short halife ex vivo (being
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inherently preprogrammedto die by apptosigitisdi f f i cult to study neut

by applying current techniques for genetic modificativicCracken and Allen, 20}4In
this regard, immune responsenaling pathways and effiec functions of neutrophils
havebeen preferentially study in genetity modified mice as a suitabie vivo model.
Neisseria species are important Graegative bacterial pathogens from whighisseria
gonorrhoeaexclusively colonize human mucosal surfaces. CEACAM homologues can be
found in all vertebrate¢Chang et al., 20t3Kammerer et al., 20Q07but only human
CEACAMs are able to bindlleisseria gonahoeaein a Opadependent mannéBarantis
and GrayOwen, 200). OpaCEACAM binding receptors GEACAM3, CEACAMS,
CEACAMG6) have no identified murinerthologuesand even though CEACAML is also
expressed on mouse neutrophils, MoWGEACAM1 does not bind toNeisseria
gonorrhoeag(Voges et al., 201®ebhauser et al., 20pDifferent CEACAM transgenic
mouse lines have already been useitha$vo models for studyinghe immune response to
gonococcinfection including the CEABAC mice expressing CEACAM3, CEACAM6 and
CEACAMY (Chan and Stanners, 2Q038u et al., 201 Albeit CEABAC mice expressed
CEACAMS, the ceexpression of other CEACAMs on granulocytes nsalte almost
impossible to determine the contributionidividual CEACAMs during thanfection.To
investigate specific neutrophil functions and provide a atearsystem ér CEACAM3-
mediated signaling in response to bacterial infection, we aimed to generate a humanized
mouse expressing CEACAM3 on neutrophils. In addition, wanted to combine
CEACAMS3 with a fluorescent mKateag to easily visualize CEACAM3 protein
expressia, subcellulardocalization andnternalization during phagocytosiEhe transges
included &4 kb promoter region from the huma@iACAM3geneand should betegrated
into the mouse genoméa the Sleeping BeautySB) transposon systenThe SB is an
active vertebrate element (from transpastound in fish genomes) able to transpose in
species other than the host from which it was isolf#syak and Ivics, 2004 The SB had
shown significantly higher activity in mammalian cells (mouse and humans) than any other
transposon tested befo¢Aronovich et al., 2011 SB is a binary system consisting of a
transposase and a DNA transposon vector in whicldeéseed stretch dDNA is flanked

by long terminal inverted repeats in a direct orientation (iederepeat/direct repeat
IR/DRS) that are recognized by the transposasich is supposed tmediate an efficient
genome insertion(Fischer et al., 20Q1vics et al., 2014Izsvak et al., 2000 In this study
we have successfully generatedransgenicmouse lineharboring theCEACAM3gene

However, intensive characterization of transgenic mouse neutroplmidicated that
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CEACAMS is not expressedDespite repeated effort®nly a single founder animal
encodingthe transgeneould be obtained and this transgenic line laakegressiorof the
transgene cassett®ur results point to potential deleterious effects of CEACAM3 cDNA
expression in miceThe generatedransgenicmice did not allow us to investigate the
CEACAMS3-mediated neutrophil response to infection; howgvkese resultpoint to
moresuitable transgnesis strategsfor futurein vivostudies of this phagocyte receptor.

43 Materi aét mondls M

1 Reagents and Atibodies

Monoclonal antibodies (Abs); D14HD11 (suitable for western blot, reactivity profile
with CEACAML1,3,5,6) was purchased from GENOVAC (Freilp Germany)COL-1
(CD66-10) against CEA (specificrossreactivity with CEACAM3) was from Invitrogen
(Thermo Fisher Scientific) and CD66b (80H3) against CEACAMS8 was from Immunotech
(Beckman Coulter companyfRatmAb antibody against mouse GRRB6-8C5)was from
ImmunoTools (Friesoythe, Germany). MAb antibody against Vinculin (R¥Y)Mas from
SigmaAldrich (St. Louis, Missouri, USA)A rabbit polyclonal antibody, generated against
formaldehydefixed N. gonorrhoeae@andN. meningitidig(1G-511) was from Irmunoglobe
(Himmelstadt, Germany). MAbs against CEACAM 1,3,5 (18/20) and IgG1/lgG2 isotype
(96/1) were purified from hybridoma cell supernatants obtained from DSHB (University of
lowa, 1A). A rabbit polyclonal antibody against recombinant mKate was custoerated

and affinity purified (Animal Research Facility, University of Konstanz, Germany).
Conjugated monoclonal antibody against mouse6GyC (Grl-FITC) was kindly
provided byMarcus Groettrup(Department of Immunology, University of Konstanz,
Germany) Secondary antibodies were obtained from Jackson Immunoresearch (West
Grove, PA).

1 Cloning into the transposonsleeping beautgystem

The Sleeping BeautySB) transposon vector pT2/BH was used to clone CEACAM3
mKate taggedunder a considered promoter i@y of 4 kb upstream othe CEACAM3
coding sequencelhe primer sequences used for cloning pthoes are summarized in
Table 4.1. The humarCEACAM3promoter sequence was amplified from human genomic
DNA contained in the bacterial artificial chromosome (BAGBACe3.6 clone RP11
343B1(0Osoegawa et al., 20pbbtained from the BACPAC Resource Center (Children's
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Hospital Oakland Research Institute, Oakland, @fsing pBAC 3.6 clone RP1343B1

as a template, th€EACAM3pr omot er r e gi olotated Natllstledwanrg a 5
amplified with primers CC3 Promoter sense and CC3 Promoter anti Notl containing Notl
restriction sites. The promoter sequence was cloned into the Notl site Sietging
Beauty (SB) transposon vector pT2/BH kindly provided by Jirgen Brosius (Center of
Molecular Biology of Inflammation-ZMBE, University of Minster Germany). The
mammalian expression plasmid encoding CEACANR described beforéSchmitter et

al., 2004 was used to amplify the human CEACAMBA cDNA with primers CC3HA

Notl sense and CCBA EcoRI Reverse. Subsequently, the PCR product was inserted into
the Notl/EcoRI des of pT2/BH vector encoding tiB@EACAM3Promoter region. Finally,
mKate cDNA (kindly provided by D. Chudakov, Shemyakin and Ovchinnikov Institute of
Bioorganic Chemistry, Moscow, Russia) was amplified using the primers npikita
EcoRI sense and CEACAMdolyA-Hindlll- anti. The PCR fragment was inserted into the
EcoRI/HindIll sites of pT2/BH vector encoding the CEACAM3 Promoter and
CEACAMS3-HA-mKate. All constructs were verified by sequencing after each cloning

step.

1 Pronuclear microinjection of fertilized oocytes

For production of oocytes-B weeks old FVB/NHsdemale micegHarlan Laboratorig)

were superovulated by injecting each donor mouse with pregnant mares serum
gonadotropin-PMSG (0.1 ml intraperitoney and 42 hours later 7.5 Humahorionic
gonadotropin-HCG (0.1 ml intraperitonedl Next dayfertilized oocytes were collected
after presence of the copulation plug. All female donors mice were euthanized,by CO
exposure, their oviducts were collected in 2 ml M2 media (SpeciatyidyPhillipsburg,

NJ) in a 35mm culture dish. Each oviduct was movedtoew dish containing M2 media
and 0.3 mg/ml of the hyaluronidase. The ampullaowéluct were open and oocytes
released. Oocytes were washed 3 times in M#8ienand transferred intol®0 pl drop of
KSOM mouse embryo culture ediumunder embrydested mineral oil and kept at 37,°C
5% CO..

For DNA microinjection, the purified pT2/BI@EACAM3 construct was diluted torg/pl

in TE buffer, and cenjected with a hyperactive transpos&100x into both pronuclei of
FVB/NHsd oocytes with the help of a Femtojet microinjector (Eppendorf) using the
Diaphot 300 microscope (Nikonhd Narishige micromanipulatof€enter of Molecular

Biology of Inflammation-ZMBE, University of Minster, Germany following a standard
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protocol (Hogan et al.,, 1994 For ame-cell stage embryomanipulated oocytes which
survived the microinjention were transferred surgically into the oviducts of 0.5 dpc (day

post coitus) pseudopregndaster female mice.

Founder animals were backcrossed for at least 5 generatioiBAlLL&c (Jackson
laboratory). CEACAM3 transgenic strain was maintained Inyating heterozygous
transgenic mice (Tg/0) with wilthype (0/0) mice aged 812 weeks(Animal facility,
University of Konstanz, Germany)

All mouse procedures were performed in compliance with the guidelines for the welfare of
experimental animals issued by the Federal Government of GerMaaywere kept al2
hourslight/dark cycle, at 2XC and 55% humidity. Pups were weaned at 19 to 23 days
after birth, and females were kept separately from mdMés were housed istandard

IVC cages(groups of 46 animals) with 24 dursaccess to food and waté€seneral health
checks were performed regularlyorder to ensure that any findings were not the result of
deteriorating physical conditions of the animals.

1 DNA tail biopsy and Genotyping

After DNA microinjection, genotyping of positive CEACAMS3 transgenic mice was
performel with mousetail DNA. Briefly, tails from 34 weeks old mice (5 mm) were lysed
overnight at 56 AC in Lair doHClpHuf3fsemM ( 200
EDTA, 0.2 % SDS) supplemented with proteinase K (100 pg/ml). Next day samples were
extracted lree times with water saturatptienol pH 7,5 and one time with chlorophorm.

The aqueous phase was transferred in new tube and DNA was precipitated witrn800
isopropanol at RTThe DNA pellet was recovered by centrifugation, 14.000 rpm for 15

min at 20 C, washed with 8@6 ethanoldried and resuspended in B0of MilliQ water.

For southern bl ot analysi s, 5 g of genomi
endonuclease, fractionated on O4agarose gels, and transferred to GeneScreen nylon
membranes (NEN DuPont). as describgdKhanam et al., 2007 After EcoRI digstion,

DNA fragments of 2 Kb, 1.3 Kand 3 Kb were expected. Membranes were hybridized

with a *P-labeled probe containing the transgene DNA fragments (6.5 rkin) the
pT2/BHCEACAM3. The labeled probe containing all transgenic sequences was washed
twice with 0.5x SSPE, 0.8 SDSat65AC and exposed to NS film
overnight.
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PCR analsis was performed by using 2 @il geromic tail DNA into a fina20 pl reaction
and ahomemadePhusion 7x polymerase (Hauck laboratory, University of Konstanz,
Germany). The primer sequences used for mice genotgpengummarized ifable 4.1.
The amplification parameters were initiated at’@8for 3 min, then 98C for 10 s, 62C
for 30 s, and 72C for 60 s for a total of 27 cycles, followed by 5 min atZZXor the final

extension.

1 Bacteria

The nonpiliated MS11 strains expressing a CEACAdhding Opa protein (strain N309
Opa2, Ngo Opaea), or norCEACAM-binding (strain N30pa negative, Ngo Opga
bacteria(Kupsch et al., 1993bwere kindly provided by Thomas Meyer (M&anck
Institute fur Infektionsbiologie, Berlin, Germany) and cultured as previously described
(Schmitter et al. 2004). Briefly\Neisseriastrainswere grown on GC agar plates (Difco
BRL, Paisley, UK) supplementedith vitamins at 37°C and 5% CQ,. For infection
assays ovaight grown bacteria were taken from GC agar plates and suspended in Plant
Preservative Medium (PPM) with a final @ of 0.1. After 4 loursof inoculation the
colony forming units (cfu) wereséimated by Oy was according to a standard growth

curve.

1 Neutrophil isolation

Primary human granulocytes were isolated from freshly drawn blood as previously
described(Schmitter et al., 2004 Isolation of mouse neutrophils was carried out from

freshly drawn eyarop blood or bone marrow.

For isolation of white blood cells ofrom mouse peripheral blood, whole bloodA®rops
taken out of the eye with a capillary) was placed directly in an EDTA microvette
(Microvette 500 K3 EDTA, Sarstedt). 5@ of blood was added to 430 ammonium
chloride buffer (0.8 % NKECI in A. bidest +0.1 mM EDTA buffered with KHC@pH 7.4)

and incubated for 10 min with gentle shaking. Samples were cgettlifat 2000 rpm for 5
min at 4 T and the supernatant was removed. The pellet was taken up in 100 pul of
ammonium chloride buffer and incubated frrin with gentle shaking. After imbation,

1 ml of FACS buffer (2nM EDTA, 5 % h.i CSn PBS, pH 7.4) was added to the solution
and centrifged at 2000 rpm for 5 min at £ Cells were washed once with FACS buffer
and taken up in phagocyte buffer (0.9n€aCl2, 0.5 mM MgCI2, 5 mM Glucose, 1 % h.i
FCS in PBS pH 7.4).
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For bone marrow neutrophil isolation, -16 weeks old mice were anesthetized with
Isofluran (Actavis) and killed by heatkck dislocation. Femur and tibia from both of hind
legs were removetbgether with soft tissue attachments. Clean bones were placed in a
Ca/Mgfree HBSSto avoid drying. The extreme distal tip of each extremity was cut off
and bones were flusdwith HBSS by using a short (1") 25 G needle and a 10 ml syringe.
After dispersng cell clumps, the suspension was centrifuged at 1450 rpm for 5 min and
resuspended in 6 ml of 0% NaCl. After 45 stheosmolarity was restored with 1dl 1.2

% NaCl. The suspension was poured into a 50 ml conical tube through a 70 micron cell
strainer (Falcon #352350) to get rid of the clot and also of any bone remnants. The
suspension was centrifuged again, resuspend&cirof HBSS supplemented with53%

h.i FCS. Cells werdaid over 62 % Percoll (Sigma&Aldrich) diluted in HBSS (100%
Percoll = nineparts of Percoll and one part 10x HBSSS) and centrifuged at 2300 rpm for
30 min without breaking. A sharp interface above thé®Percoll (immature cells and
non-granulocytic lineages) and a cloudier pellet (neutrophils) were visible. Cells at the
interface, the HBSS and the upper part of the%6Percoll were carefully removed and
discarded. Bml of the 62 % gradient was left in the tube to avoistuitbing the
neutrophil pellet. ie remaining cells were resuspended in 5 ml of HBSS supplemented
with 0.5% h.i FCS and centrifuged at 1450 rpm. The pellet was washed once and cells
were taken up in phagocyte buffer without Ca/Mg (5 mM Glucose, 1 % h.i FCS in PBS pH
7.4) and used within 6durs Cell density was determined using a Neubauer counting
chamber ad adjusted according to experimentsx 1L0° isolated cells from peripheral
blood or bone marrow were analyzed by cytospin centrifugation (Cellspimarimac, 3

min at 1000 xg ) foll owed by Hemacol or staining
instructions (Merck Millipore). Cells were visualized and counted byightfield

microscopy(1000x).

1 CEACAMS protein detection

For immunofluorescence staining of CEACAM3x110° mouse blood or bone marrow
cells as well as primary human cells were resuspended in blocking solution (2 mM EDTA,
5 % heat inactivated goat serum, 1 % BSA in PBS pH 7,4) and incubated on ice for 30
min. Cells were centrifuged at 300gxfor 5 min and waskd with FACS buker (2 mM

EDTA, 5 %h.i CSin PBSpH 7.4). Samples were incubated with respective antibodies for
40 min. Neutrophil staining was conducted lwinouse monoclonal antibodies Alys)
against CEACAM3 (18/20 for mouse and CQLfor human neutropls) and the IgG
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isotype control (96/1). In addition granulocyte maskevhere used in parallel (ratAh
against mouse Gt and mouse Ab antthuman CEACAMS8-CD66b). All primary
antibodies were used in a 1:100 dilution (in blocking solution). After 2 vgasheé 5 min

of incubation in blocking solution, samples were stained with Cy2-namtise or
Rhodamine red antat (1:200 dilution in blocking solution) for 20 min in the dark.
Following 2 washes, samples were measured using the LSRIlI flow cytometer (BD

Biosciences).

293 cells (human embryonic kidney 298&ll cul t ured i n Dul beccoos
medium (DMEM) containing 18 CSand kept at 37C in 5% CQ, were cetransfected

by calciumphosphate in a 10 cm culture dish with pT2/BH encoding CEACAM3
promotor and CEACAM3HA-mKate (5ug) together or not with 31g of pcDNA3.1
encoding the transcription factor PW/B-His kindly provided by Mario Tschan
(Departnent of Clinical Research, University of Bern, Bern, Switzerland) jog 8f empty
pcDNA3.1 or encoding or not CEACAMAA (Pils et al., 2012 48 hours after
transfection, cells were trypsinized, washed with FACS and fixed with 4 % of
parafomaldehyde in PBS. Cells were resuspended in a modified blocking solution (45 nM
CaCl2, 35 nM MgCI2, 10 %.hCSin PBS pH 7,4) and immunofluorescence staining was
performed aRT as described previoyslsing monoclonal antibodies Ah) against CEA
(Col-1) or 1gG isotype together with secondary Gy#ibody as previously for neutrophil
staining.

For Whole cell lyses of granulocytes x110° cells were pelleted in Eppéarf tubes and
resuspended in 2xodified Laemmli sample lbier (SB) (62.5 mM TrisHCI, pH 6.8, 4%

SDS, 5% -fmercaptoethanol, 8.6 glycerol, 2.5 mM orthovanadate, 10 mipt
nitrophenyl phosphat e, 10 ¢ g/ ¥bromoghenplélpe) i n
(Gilbert et al., 200R and boiled for 7 min.

Western blottingvere performed as described previougthauck et al., 2000CEACAM
expression was tested by usingm@noclonal D14HD11 antibody (cressactive with
CEACAMB3) or polyclonal mKate antibody. Whole lcé/sates of transfected 293 cells
with pcDNA3.:CEACAM3-HA o p L P-CEAGAWR &Filseet al., 201p and
human promyelocytic leukemia (H&O) cells weredifferentiated by attrans retinoic acid
(ATRA) into granulocytelike cells as described befof@elgado Tascén et al., 20115
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1 Granulocyte Phagocytosis and Oxidative burst

Phagocytosis was determined by flow cytometry as described prev(Buislet al., 2006

Briefly, bacteria were stained with-(6) carboxyfluorescehsuccinylester (CFSE) and
primary cells were infaed at MOI 30 for 30 or 60 min. CFSE fluorescence was measured
using the LSRII flow cytometer (BD Biosciences) and internalized bacteria were
quantified in the presence of 2 mg-intrypan blue to quench fluorescence of extracellular
bacteria. The percerga of CFSEpositive cells was multiplied by the mean fluorescence
intensity of the sample to obtain an estimate of the total number of bacterial uptake.
Oxidative burst measurements were done as described b@&orgru et al., 2011
Granulocytes were suspended in chemilusweace buffer (8 g/l NaCl, 0.2 g/l KCI, 0.62

g/l KH2PO4, 1.14 g/l Na2HPO4, 1 g/l glucose, 50 mg/l BSA, pH 7.2) containing luminol
(20 eg/ ml) . Cell s wer,anidn fPeMAt e(dl astg /MOI) 5n0a
positive control. Chemiluminescence was deiaed from 2x 10° cells per 968well plate

and measured every 2 min at 37 with a Varioskan Flash spectrofluorometer (Thermo
Scientific). To determine the total amount of reactive oxygen produced, the response
curves were exported to GraphPad Prismtaedareasinder the curves over 90 mivere

calculated.

1 Immunofluorescence staining for confocal microscopy

5 x 10 human mouse granulocytes were seeded ontolRalsine (10pg/ml in PBS) or
mouseserum (5% in PBS) cated glass coverslips within 2¢ell plates. Cells were left to
settle for about 20 min at 37C. Liquid culturedbacteria were used for PacHilte
staining (20 min of shaking incubation at 37 in the dark). After staining, bacteria were
washed 3 times with PBS (4 min at 4000 rpm). Cells were infected M 30,
centrifuged for 3 mirat 300 x g and incubated for &fin at 37°C. After infection, cells

were carefully washed and fixed with%d paraformaldehyde (20 min at RT in the dark)
followed by 3 washes steps. Samples were incubated with blocking solution (2 mM EDTA,
5 % heat inactivated goat serum, 1 % BSA in PBS pH 7,4) for 5 min. Extracellular bacteria
were stained with a polyclonal rablantibody againsiN. gonorrhoeag(lG-511) (1:50
dilution in blocking solution) at RT for 1durin the dark. After 3 washes, samples were
keep in blocking solution for 5 min. Secondary staining was performed with a Cy5
antibody (1:200 dilution in blockingolution) for 45 min in the dark. After 3 washes and 5
min of incubation in blocking solution, cells were stained during 40 min with a conjugated

antrmouse Ly6G/C (Grl)-FITC or (1:150 dilution in blocking solution) for mouse
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granulocyte staining. For man granulocyte staining, cells were incubated with a CD66b
(80H3 monoclonal antibody (1:100 dilution in blocking solution) for 45 min followed by
secondary Cyantibody staining (1:200 dilution in blocking solution). Samples were
washed 3 times and mowdt onto glass slides with fluorescent mounting mediDako;
S302380). The slides were left to dry in the dark overnight and the next day cells were
analyzed with a Leica confocal microscope (DMI6000, Software: LAS AF, Leica

Microsystems)

1 Detection of human CEACAM3 mRNA expression by RFPCR

Total RNA was extracted from isolated human or mouse granulocytes using the Qiagen
RNeasy Mini kit (Qiagen, Hilden, Germany) and DNase digested according to the
manufacturer's instructions (RNagee DNase, Qiagen). @gplementary DNA (cDNA)

was synthesized from 2 e€g of total RNA in
transcriptase and OligdT primers. As a control for chromosomal DNA contamination,

RNA was used directly for PCR amplification. The predesigned TafjMasay used for
expression of human CEACAMS3 as well as primers for human glyceraldehyde 3
phosphate dehydrogenase (hGAPDH) were described b@imigado Tascon et al.,

2015. Primer sequences for mouse glyceraldehy8@hosphate dehydrogemas

(MGAPDH) are listed iTable 4.1. Amplicons were visualized in 2 % agarose gel.

Table 4.1. Primer list

Amplicon Primer Sequence
Promoter CEACAM3 CC3 Promoter sense Notl 5 - ATAGCGGCCGCAGGCCTTCAT
(pT2/BH construct) ATGCCTCTCCTGG3 6
CC3 Promoter anti Notl 5 ATAGCGGCCGCCTCTGCTGCC
TGCTCTTTCCTCCTCTGTGGAAAAG
AGC-3 0
CEACAM3-HA CC3-HA Notl sense 5 ATACATATAGCGGCCGCGCCA
(pT2/BH TGGGGCCCCCCTCAGE 6
construct/Genotyping)
CC3HA EcoRI Reverse 5 ATACGGCGCGAATTCAGCAGC
GTAATCTGGAACGT-3 6
mKate mKatepolyA EcoRI sense 5 GGACAGGAATTCGTGTCTAAGGG
(pT2/BH CGAAGAGCTGA3 6

construct/Genotyping) ) )
CEACAM4-polyA-Hindlll- anti | 5 - ATAAAGCTTAGCCCCAGCTGGT

TCTTTCCGG3 6

Promotor CEACAMS3 senseprimer 1 5 ATTTCCTGGGAGTAACTGAGAA
(Genotyping) (position 2800) TGAGGG3
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anti-primer 2 5 ATTAGCACAGAAGCGATGTGTC
(position 4400) TTTCTCAGG3
GAPDH m GAPDH f 5 GGATGACATCAAGAAGGTGGTG
(Genotyping) AAG-3
m GAPDH r 5 GCCTTGGAGGCCATGTAGGCC
AT-3
GAPDH GAPDH_mouse_sense 5 GGCACCACCAACTGCTTAGS3
RT-PCR
( ) GAPDH_mouse_anti 5 &GATGCAGGGATGATGTTG3
GAPDH_human_sense 5 GAAGGTGAAGGTCGGAGTCAS
GAPDH_human_anti 5 GTGAGGTCAATGAAGGGGTG3

44 Resul t s

1 Generation of Human CEACAMS3 transgenic mice

To create a humanize CEACAM3 mouse line, the human BAC lif@spegawa et al.,
2007) was used to obtain an intact promoter region ofGEACAM3gene. We used a
pBACe3.6vector clone RP1:B43B1 with an insersize of 173.19 Kpcontaining part of
the proximal human CEA gene cluster (cytogenetic band: 199g13.2; location: 19:41678001
4185118). This BAC vector harbored complete geneC&ACAM5(CEA), CEACAM6
and CEACAMS3 genes Figure 4.1A). Previously has beendemonstrated an enhanced
promoter activity 6 a 3 Kb fragment from the human CEACAM3 promoter reghpn
using aluciferase reporter assay in response tacthgansfection of the PU.1 transcription
factor (Delgado Tascén et al., 201Based on thesebservations, weansidered a &b
long sequencdrom the intergenic region between neighboring gerf@&SACAMG6 and
CEACAMB3)upstream ofthe CEACAM3 coding sequencegas promoter regionF{gure
4.1B).

This 4 Kb sequence containedirparily binding sites of transcription factors and
regulatory elements for myeloid differentiation (granulopoiesis) and neutrophil
development(Bjerregaard et al.,, 2003Sequence analysis showed that this sequence
containedspecific transcription factonisinding siteghat play important roles in regulating
gene expression. For instance, the GAdiAding factor 1, which regulates the
developnent of hematopoietic progenitors and differentiation of specific types of blood
cells; the puringich binding sequence (PU.1) important in differentiation of

granulocyte/macrophage progenitors; Forkhead box (FOXF2) involved in cell growth
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regulation, prboferation and differentiation; Growth factor independence 1 {§GR\hich
is required for multilineage blood cell development, from stem and progenitor cells to

differentiated lymphoid and myeloid celBigure 4.1C).

CEACAMS gene CEACAMG gene CEACAM3 gene HNRNPA1P52 gene
1 20,000 40,000 60,000 ao,roo 100,000 120,000 140,000 ‘ 173,189
41,678,001 11,718,000 41,738,000 41,7¢)3,.000 41,778,000 41,78i1,000 41,818,000 41,851,189
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Figure 4.1 Predicted CEACAM3-promoter region. Using Geneious R8 software (202615, Biomatters
Ltd.) reference sequence$ genomicDNA were visualized(A) Genomic view of the genomic sequence
(19913.2; 19:41,678,0041,851,189) contained in the pBACe3.6 RRUBB1 vector. Insert size:
173,189Kb. This BAC clone encoded CEACAMSs of the proximal human CEA gene cluster: CEACAM7
(partially) and complete genes of CEA (CEACAMS5), CEACAM6 and CEACAMS3 (grebeides some
neighboring geneg¢B) Intergenic sequence betweeaighbor gene€EEACAM6 and CEACAM3(~24 Kb-
Yellow). The sequence considered as promoter region consisted ofeh&lintergenic sequencesipeam

of the CEACAMS transcriptional start site and ended before the start c@@orple). Binding sites of
regulatory elements were indicated as purple segments along the genomic se(@ri@iese up of
considered promoter riamn and binding sés of transcription factors

Furthermore, binding sites for key regulators of hematopoiesis; among others such as
NFkB, USF1, SRF, YY1, CTCF were predicted within the putative 4 KBEACAM3

promoter regionWe then wondereavhether the full promoter region considered in this
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study would also drive the expression GEACAM3 in vitro. Therefore 293 cells
expressing the pT2/BH CEACAM3 construct weretansfected with a pcDNA3.1 vector
encoding the myeloid transcription facteU.1 and the expression levels with or without
transcription factor were compared. Staining of transfected cells and subsequently flow
cytometry analysis showed a basal CEACAM3 expression, which was significantly
increased (**p<0.001) in the presence BtJ.1 Figure 4.2A). However, in comparison to

a constitutive mammalian promoteisuch ascytomegalovirus-CMV, expression of
CEACAMS3 resulted much stronger (<1i@ld) under CMV promoter than under our

considered promoter regioRigure 4.2B).

1 Sleeping Beautymediated CEACAMS3 integration

Since theSleeping BeautySB) transposon systefivics et al., 1997 lvics et al., 2004

Izsvak et al., 2000has several advantages for transgenesis approaches such as enhanced
transposition efficiency by using the novel hyperactB®100X transposaséJin et al.,

2011 Mates et al., 2009 safe random genomic insertion profile can be performed with no
preferential integration into transcription un{mmar et al., 201,2Grabundzija et al.,

201Q lvics et al., 2011 Moreover, the SB transposon has no potential emossilization
between endogenous and exogenously introduced transposons due to the absence of SB
related sequences from maniiaa genomes. Thus, the SBnsposon system was chosen

to generate humanized CEACAMS3 mice.
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Figure 4.2 In vitro CEACAM3 promoter activity . (A) 293 cells were transfected with the transposon
pT2/BH vector encoding the CEACAM3 construct together or not with a pcDNA3.1 encoding the myeloid
transcription factor PU.1For flow cytometry, trarfected cells were stained with Abs: COL-1 for
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CEACAM3 expession or IgG isotype as contrgB) 293 cells were transfected with the empty vector
pcDNAS3.1 or encoding CEAGM3-HA. Staining of cells with rAb COL-1 was conducted for CEACAM3
expression. Flow cytometric measurements were calculated out of threenideepexperimentA-B).
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Figure 4.3 Sleeping Beautytransposonsystem.(A) Schematic representation of the CEACAM3 construct
and the corresponding restriction sites. The DNA insert is flanked by the SEL)etind right (R)
inverted/direct repeats (IR/DR)B) Vector map ofthe CEACAM3 construct cloned into the pT2/BH
transposon vector backbone (9.4 KB) DNA construct was purified and linearized (Hpal restriction site)
for microinjection (2ug/ml).

The SBtransposon pT2/BH vector harboring inverted/direct repeat (IR/DR) sequences was
used to clone 4 Kb of the human CEACAMBmMotor together with the CEACAM3
coding sequence and at€rminal mKatefusion Figure 4.3A-B). Purified and linearized
vector (Hpal digest)Kigure 4.3C) was microinjected into pronuclei of fertilized FVB
mouse oocytes together with the hyperactive (SB100x) transposase to mediate recognition
of the transposo®DNA and consequently, the integration (via TA dinucleotide base pairs)
into the mouse genome. A total of 330 oocytes were microinjected inntlependent
experiments (106ocytes/04.04.2013; 22®cytes/27.06.2013) with 5 and 9 embryo
transfer operations, respectively. Through this procedure, 7 pups (first microinjection) and
21 mice (second microinjection) were bokim.order to check for integtion events of the
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human CEACAM3 in the germ line of the mice, southern blot ansysse performedA

6.5 Kb DNA fragment (excised by Sall/Sacl digestion) from the pT2(EEACAMS3
construct was employed as sioern DNA probe Kigure 4.4A). DNA fragments of 2 Kb,

1.3 Kb and 3.2 Kb were expected to be detected after EcoRI digestion of genomic DNA.
From the first microinjection, 2 out of 7 mice were CEACAMS3 positivelénmaouse N#,
female mouse Nr 6)Fgure 4.4B). The positive transgene mouse Nr 4 had two high
molecular bands of around -IBKb, and it was later identified as partial (broken)
transgene. On the other hand, the female mouse Nr 6 successfully showed a single
integration site. From the second microinjeat surprisingly only 1 out of 21 was a
positive transgenic mouse (male mouse Nr(Bpure 4.4C). Since, the mouse Nr.9
showed four DNA fragments (2, 3, 4.3 and 5 &b) we assumed it has integrated two
copies of theCEACAM3transgeneMouse breeding was performed with FVB/N founder
animals (04.04.2013 female Nr 6; 27.06.2013 male Nr 9) for maintenance of the
heterozygous transgene and backcrossing into the BAQBnetic background~igure

4.5A).

Genotyping was performed by PCR with genomic DNA from 142 setail biopsies
resulted in aggerm line integration of the hum&EACAM3in about 39 % Figure 4.5B).
Hemizygousmice were identified with specific primefor CEACAM3, mKate and
additionally for the considered promoter regionaljle 4.1). The endogenous gene
(GAPDH) was used as control of the extracted DIRA(re 4.5C). Unexpectedly, th&l
generation did not display a normal transmission frequency (0.5) for heterozygotes but
rather a transmission frequency of ~0.4. Surprisingly,ndumating the female founder

Nr 6 became sick and died, therefore, only the male founder Nr 9 could be brathtain

the transgenic strain.
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6,5Kb fragment

Considered promoter region

3Kb

2Kb 1,3Kb

Southern blot Southern blot

Figure 4.4 Southen blot analysis of founder animals (A) The CEACAM3 construct (6.kb) was used to
generate the labeled DNprobe for southern blot analysis. After genomic DNA EcoRI digestion, DNA
fragments were resolved byulsedfield gel electrophoresi§PFGE). Southern blot analysis of DNA
extracted from tail biopsies were perfuad with 7 or 21 FVB/N born animalafter the first(B) or second

(C) microinjection (respectivelyWildtype (Wt) mice were used as a negative control. As indicated in (B),
three bands were detectiedm the female mouse Nr 6: 6Kb (undigested DNA fragmé); 2 Kb (detecting
CEACAMS3) and a 4.3 Kb (5' end + 3' end) resulted from a concatemer oftteaitl configuration, from the
promoter region {mg gmBd) emandd .t Ma |l mk atoause Nr 4 showed
bands from the hea-tail configuration of double undigested DNA copies (13 Kb) and one additional
partial integration of CEACAM3 with a 2Kb fragment (15 Kb). Southern blot analysis showed in (C)
revealed only one positive transgenic animal. Mouse Nr 9 showed four bands: 2 édtiide€EEACAM3),

3 kb (detecting promoter region) and a 4.3 Kb (5' end + 3' end) due to théoktaeddtonfiguration of 2x
DNA copies (by combining sizes of the egbed bands); together with &&b band of undigested DNA
construct.
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Backcrossing CEACAMS3 Transgenic mice
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Figure 4.5 Genotyping of CEACAM3 F1 generation. (A) Founder FVB/N mice were backcrossed to
BALB/c genetic background by breeding FVB/N hemizygous {0y with BALB/C wildtype (0/ 0) mice.

(B) Using genomic DNA from taibiopsies, 132 animals were genotypedRfyR analysis revealing a ratio

of 62:38 of wildtype to transgenic animalgC) PCR products were detected on agarose gels showing
ampliconsfor promoter (1600 bp), CEACAMS3 (800 bp), mKate (1000 bp) and GAPDH (240Lbpes
(from left to right): DNA marker (M), founder transgenic mouse (Tg), wildtype mo(&#) and 9 F1

generation mice
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1 Isolation of morphologically mature mouseneutrophils

After 5 generations of backcrossing BALB/c genetic backggpiransgenic micas well
aswildtype mice litter mates were used for further experiments. Mouse mature neutrophils
were obtained from peripheral blood as well as from bone marrow, which is the major
reservoir of functionally competent neutroph{Boxio et al., 2004 To obtain a first
insight on the hematology of theEACAMS3transgenic miceisolatedleukocytes were
counted and characterized by Hemacolor staining. Discrimination of morphological

features was performed according to observations by light microscopy.

WBC were isolated from peripheral blood taken out of the mouse eye using an
erythrolysisbased preparatioi€Cells showed three types of cells where lymphocytes were
slightly more abundant than granulocytes, followed by monocytes the @éRGlation.
Transgenic and wildtype WB€&howed the same tendenéygure 4.6A).
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Figure 4.6 Mouse neutrophil isolation from blood and bone marrow.Wildtype (Wt) or transgenic (Tg)
leukocytes were isolated by an erythrolysis protocol from peripheral blood out of the moygeg eydy
centrifugation using a singlayer Percoll (626) from bone marrowB). 1 x 10° of total isolated cells were
used for cytospin preparations stained by Hemactlgeloid precursor cells were identified as Myeloblast
(Mb) Promyeloocyte (P), Myelocyte (Ml), Metamyelocyte (Mm), Band Neutrophil (BN) or Segmented
Neutrophil (SN) Identification and counting of leukocyte cell types was conducted by Hiigitt
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microscopy(1000x). Cells were counted 8defined aremof 4 independently performed experiments. Mean
+ SEM. Scale bar 20pum.

Since mouse blood is very limit¢8errander et al., 20DAViyelopoieitc cells were isolated

from bone marrow by using a percoll density gradient ¥%62 Segmented and band
neutrophils were the most abundastls, followed in lesser amount by other myeloid cells
like Myelocyte, promyelocyte and myeloblast as well as other cell types (monocytes and
lymphocytes) Figure 4.6B). In line with the fact that leukocytes normally change their
buoyant density during differentiation and mature cells display a higher density than their
precursordCowland and Borregaard, 1999nature neutrophils were better isolated than
precursor cells. In both cytospin preparations mature neutrophils from transgenic and
wildtype mice (peripheral blood and bone marrow) showed a similardiemadter 1612

pm) and a donushaped segmented nucleus typical for mouse neutrophils with a similar
patter distribution of cellsRigure 4.6A-B). Peripheral blood isot an ideal source, as the
volume that can be obtained from a single animal (normally less than 1 ml) is very low and
in contrast to human blood, isolation of circulating PMNs only reach2s & (1-

1.5 x 10° cells/ml) in the mouse bloo@Pruijt et al., 2002 In contrast, a much more
convenien source of PMNs idone marrow, which alloed us to extraciO-fold more
neutrophils (45 x 10 cells/ml). According to these values and the morphologic features
we successfully isolated mature granulocytes from peripheral blood as well as bone

marrow.

1 No protein expression of CEACAM3mKate in genegated transgenic mice

In order to characterize the humanized mouse neutrophils we investigated whether these
mice express a functionally CEACAMSotein. Because protein expression pattern might
change during development and maturation of neutrophils veedetk to check for
CEACAMS3 expression in peripheral blood or bone marrow and compare it to the
expression of human granulocyteBigure 4.7). Taking into account that a mixed
population of leukocytes is also obtained after erythrolysis of blood cells, we decided to

use a Gl antibody as granulocyte marker for cytometric measures

For CEACAMS3 staining ofmouse neutrophils we chose théln18/20, a widely used
antibody for flow cytometry. Because of the lack of other hur@&EACAMs in mouse
neutrophils Mb18/20 recognizes specifically CEACAMJFigure 4.7A). To detect

CEACAMS in human neutrophils where other human CEACAMSs are expresses, we used a
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monoclonal CD66 antibody (COL, CD6610) with reactivity against CEA (CEACAMDS)

and CGM1 (CEACAMS3)(Kuroki et al., 1995 Since CEACAMS is not expressed in
neutrophils, this antibody is employed as a specific antibody against CEACAM3 in human
primary cells(Skubitz et al., 1996(Figure 4.7B). Specificity of the staining was also
controlled in each case by the use of an IgG isotype antibody (96/1). Stained neutrophils
were gated via celsize/granularity plots (forward and side scatter FCSSSC,
respectively) to distinguish a unique pattern of granulocytes from a heterogeneous
population of WBC.In addition we ensure a pure population by measuring a positive
fluorescencdright shift) from the mouse granulocyte marker-IGRhodamine) as well as

the human granulocyte marker (CD662). However, CEACAMS3 expression could only

be detected in human but not in mouse granulocytes.

Considering that CEACAMS3 was fluorescently m&gagged we also looked for mKate

(far red) positive cells, however, no fluorescence could be detected (data not shown).
Previous results were also confirmed by western blot anallygisiré 4.8). Lysates of
human CEACAM expressing cells (isolated human neutrophils, differentiategDHlells

or transfected 293 cells) were probed together with lysates of isolated mouse neutrophils
(transgenic and wildtype) againsEECAM (mAb DH14H11) Figure 4.8A). Moreover,
lysates obtained from neutrophils isolated from mouse as well as lysates from CEACAM3
mKate transfected 293 cells were enyeld for mkate blotting Kigure 4.8B). Neither
expression of CEACAM3 (3&Da) nor mkate (26<Da) could be detectedh itransgenic

mouse neutrophils.

1 Transgenic mouse neutrophils do not reponse to gonococcal infection

Due to thdow protein congént of granulocytes and the l@xpressiorof CEACAMS3, it is

a possible scenario that CEAGI expressiorin mouse neutrophilg/as very weakhat

we were not able to detedt in former experiments. To rule out this hypothesis we
performed pagocyic assaysActivation of CEACAMs upon binding of humeaspecific
pathogens has been well descrilf@day-Owen et al., 1997Hauck, 2002McCaw et al.,

2004 Sarantis and Gra@wen, 201). Gonoccalinfection is facilitated by opacity
associated (Opa) adhesin proteins mediating the interaction of bacteria to human
CEACAMSs (Hauck and Meyer, 2003CEACAM3 has been showo efficiently trigger an
opsoninindependent phagocytosasd elimination of CEACAM-binding bacteria such as

Neisseria gonorrhoea@untru et al., 2012Sarantis and Gra@wen, 2007.
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Figure 4.7 Analyses of CEACAM3 mouse granulocyte expression by flow cytometry.1 x10° isolated
cells were staied with mAbs against mouse GR1 or human CD66b (as granulocyte markers) and
CEACAMB3 or isotype control coupled to the indicated fluorophores for flow cytometry. Analysis of isolated
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mouse leukodgs from peripheral bloo@A) or bone marrowB) as well as human isolated granulocytes
from peripheral bloodC) were considered by gating whole cell populatlmased upon sizeF6Q and
granularity (SSQ. Proper population was confirmed by fluorescence staining of respective granulocyte
markers and granulocytes were stained for CEACAM3 expression. In parafespecific background
fluorescenceavas controlled in all samples by IgG isotype staining.
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Figure 4.8 Western blot analyses of CEACAMS3 expression(A) Lanes (from left to right) of Whole cell
lysates (WCL): polymorphonuclear leukocytePMNs) isolated from human, wildtype (Wt) mouse,
transgenic (Tg) mouse, ATRdifferentiated (diff.) HL-60 cells into granulocytéke cells and CEACAMS3
HA transfected 293dlls. Samples were probed withAlms against human CEACAM&Ilone D14HD11,
reactivity profile with CEACAML1,3,5,6) and vinculin as loading control. CEACAM1 (160 KDa),
CEACAM3 (27 KDa), CEACAM6 (90 KDa).(B) WCL of isolated mouse PMNs from witlype and
transgenic mice as well as 293 cells expressing mkate tagged CEACAM3 (CEAGKM®) wereused for
western blotting and stained as indicated. CEACANRate (55KDa), mKate (2&KDa).

In this context, we carried out experiments with bacteria expressing a CEA#dihg

Opa protein (Ngo Opaa) or a noRCEACAM binding grain (Ngo Opa for bacteial
uptake mediated by CEACAM3ince mouse neutrophils isolated from peripheral blood
are limited due to the low amount of blood, we performed functional assays with
neutrophils isolated from bone marrow, which algoreported to have a longer survival

in culture (Boxio et al., 2004 Bacteria were fluorescently stained wi@l=SE prior to
infection. CEACAM3mediated phagocytosis is recognized for a fast bacterial ingestion
but to ensure the bacterial uptake of mouse neutrophils, iteeg infected for 3@nd 60

min. Internalized bacteria were measured by flow cytometry after quenchibound
extracellular bacteria with trypan bluBigure 4.9A). In addition, granulocytes were fixed

after 1hour of infection and cells were stained ftworescence microscogirigure 4.9B).

Flow cytometry and confocal analysis showed no bacterial uptake of isolated granulocytes

infected with Opaea Or nonOpa expressing Neisserids expected, using the same
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experimental setupnly a clear uptake of Opga-expressingN. gonorrrhoeaewas
measured in isolated human neutrophils by flow cytométiyufe 4.10A). These results
were also visualized by confocal microscopyg(re 4.10B). Neutrophils as professional
phagocytes are commonly known for their antimicrobial response. One feature of
neutrophil response against bacteria is thedyoiion ROS termed oxidative burst.
Activation of the neutrophil NADPH oxidasewhich catalyzes the early step of ROS
production by superoxide formation has been reported to be coordinated by CEACAMS3
signaling effector protein€Buntru et al., 2011 To further elucidate wéther neutrophils
from transgenic mice are able to generate an oxidative burst in respogseotmccal
infection, isolated neutrophils were infected with Ngo &paor Opa at different
multiplicity of infection (MOI 50 or 100). Cells were also stimuladewith the inducer
PMA as CEACAMS3independent to ensure proper cell respoiigure 4.11A).
Surprisingly, only mouse neutrophils stimulated by PMA showed oxidative resgdanse.
contrast, human neutrophtisgger an Opgea-dependent ROS production in responshi to
gonorrhoeaeincreased at higher MOI 10QFigure 4.11B). Taken together, previous
experiments confirmed that our humanized CEACAM3 mouse model did not functionally

expressed CEACAMS3 in mouse granulocytes

1 The generated transgenic mousmodel do not functionally expressCEACAM3

According to previous datanouse neutrophils were correctly isolated REACAM3

protein expression could not be detected in transgenic mice, although a successful insertion
of the gene was confirmed. These results suggeseventual misregulation of protein
transcription or a misfolding of the CEACAM&Kate fusion protein, which could result

in an inactive protein conformation. First, to investigate if our transgenic mice are able to
produce mRNA but failed in protein myesis, we performed a reverse transcription PCR
(RT-PCR) with extracted total RNA from mouse and human neutropfidgie 4.12).

Intact mMRNA extraction was confirmed by mMRNA expression @APDH as a
housekeeping gene. However, by using a predesigned Tagoolae specific for
CEACAM3(Life Technologies), n&CEACAM3mMRNA expressioncould be detected in

transgenic mice.
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Figure 4.9 Transgenic mouse neutrophils do not exhibit phagocytic agtity upon gonococcal nfection.
Mouse granulocytes isolated from bone marrow were infected Mitgonorrhoeaeexpressing or nen
expressing Opa prote{iNgo Opaea0r Ngo Opa) at MOI 30.(A) Bacterial uptake o€FSEstained bacteria
was measure by flow cytometry at 30 min or 60 minraiftéection. Trypan blue was added to the cell
suspension previously before measurements for quenching fluorescence of extracellular {&3teria.
Confocal microscopy of fixed cells after 30 min of infection with PacificBitaned bacteria (blue channel)
Granulocytes were stained withAlm antiGr-1 antibody (green channel) and extradaliubacteria were
stained with mAb antiOpa antibody (red channe8cale badOum.
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Figure 4.10 Phagocytosis of Opacega-expressing N. gonorrhoeae by human neutrophils. Isolated
granulocytes from human peripheral blood were infected with-Q@at norrOpa expressind)l. gonorrhoeae

(Ngo Opaea, Ngo Opa) at MOI 30.(A) Bacteria were stained with CFSE and infection was conducted for
30 min or 60 min. Bacterial uptake was measured by flow cytometry after quenching of extracellular bacteria
with trypan blue.(B) Cells were fixed after 3@nin of infection with PacificBluestained bacteria (blue
channel). Granulocyte staining was performed witAb ant-CD66b (green channel) and extracellular
bacteria withmAb antiOpa (red channel). Intra or extracellular bacteria are indicated with arrows or

arrowheads respectivelgcale bal0pum.
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Figure 4.11 Gonococci do not trigger «idative burst in transgenic mouse neutrophils. Isolated
polymorphonuclear leukocyté®MNSs) from wildtype (Wt) and transgenic (Tg) mouse bone masigwor

human peripheral bloo@B) were infected at MOI 50 or 100 wit®paeas or nonOpa expressindN.
gonorrhoeagNgo Opaea, Ngo Opa) or exposed to PMA. ROS released by PMNs were measured every 2
min over 100min, by using a luminetlependent chemiluminesece. ROS production is showed as counts

of absorbance units (a.u.). Graphs show mean values from one representative experiment done in triplicate.
Total oxidative burst was calcutat by the area under the curve.
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Figure 4.12 No detection of CEACAM3 mRNA in transgenic mice Reverse transcription PCR (FACR)
was performed with total RNA extracted from isolated granulocytes. Lanes (from left to right): DNA marker
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(M), mouse neutrophils from vdtype (mWt) or transgenic (mTg) animals and human neutrophils (h).
Synthesized cDNA was used for amplification of housekeeping G&RDH or humanCEACAM3 2 %
agarose gels show PCR productsCEACAM3(65 bp), IGAPDH (117 bp) and GAPDH (177 bp).

45 Di scmssio

CEACAMS is a single chain decoy receptor, which not only recognizes a particular set of
humanadapted bacteria, initiating the opsomdependent phagocytosis, but also
mediates the bacterial resporgehuman granulocyted)p to date humanized mice Elw

the investigation of human infectious diseases and a better understanding of gene function,
genetic pathways, cellular mechanisms or biochemical properties of the immune response
(Brehm et al., 2010 Humanized mice have been used in the last decades toirstudy
multiple types of human immune responses and test potential therapeutics that modulate
human immunity. In this context, a transgenic mouse model expreSEAGCAM3has

been already reported (CEABAC mice) however, the r@HACAM expression
(CEACAMB, CEAQAM6, CEACAMY on granulocytebas not allowed thavestigationof
individual CEACAM contributions to the immune response upon infect®man and
Stanners, 2004 To addressn vivo the specific function of CEACAM3 we generated a
transgenic mouse, which integrated a transgenic cassette contaimmgatetagged
CEACAM3 coding sequencdownstream of a considered 4 romoter region fronthe

human CEACAM3 gene. We have previously confirmed the promoter activity of this
regionin vitro, which was shown to harbor important transcription binding sites for gene
regulation in the granulocytic lineage. Unexpectedly, mice carrying the human transgene
integrated in the germ line did not show detectable expression of CEAQ@ABKpression

of the fluorescent reporter mKate. The generated CEACAM3 transgenic mice failed to
transduce an immune response agagwsiococcalinfection. Functional stimulation of

transgenic neutrophils, like phagocytosis or oxidative burst, couldenobserved

Using tre Sleeping beautyransposon system, routinely around-713% of transgenic
efficiency is reached after injections with the hyperactive transp¢skdes et al., 209).
Unexpectedly, the ratio of born animals was very low and only two animals resulted to
have successfully integrated the human transgéfeesuspect that CEACAM3 could lead

to lethality because of the unexpectedly low frequency of obtained fouarderals and
since the only foundewhich survived (male Nr. 9Hid not expressthe transgene.

Unfortunately, the second animal died prematurely and due toriepected situation

93



Chapter Il

organsor tissue samples from this female founder anicoalld not be kepor preserved
before damages o f ur t her analysis into the cause(s)

performed.

Breeding of the single remaining male founder animal demonstrated a successful germ line
transmission of the transgene; however, mating hegygous offspring males with
wildtype female mice generated a low transgene trassonisvith less than 50% (~39%)

The low transmission rate of the gene could again indicate that the human transgene has a
detrimental effect during embryonic developmentwdwer, since no protein expression of
CEACAMS as well as no activation of mouse granulocytes in response to ‘rastacted
bacteria was detectable, we can only envision a scenario, where the CEACAM3 transgene
in this mouse line is integrated into a stlgene locus, which can be activated in a-non
predictable manner in a low proportion of transgenic animals, and when it is transcribed
leads to developmental problems in the affected animals. The idea of a silent CEACAM3
locus in the surviving CEACAMS3 tragenic animals is in line with our finding that,
CEACAM3 mRNA could not be detected via RACR in blood cells from the transgenic

mous line

On one hand, we suspect that CEACAMS3 expression affected the survival of transgenic
mice. On the other handgspte the functional activity of theelected Kb CEACAM3
promoterfragmentobservedin vitro in 293 cells we camot rule out that tis promoter
region might have been insufficient to drive expression of human CEACIANB/o. In

this study, we expected to avoid artificial effects and mimic the normal expression pattern
of human granulocytes by using an intact promoter region of 4 Kb out of 24 Kb intergenic
region upstream of th€EACAM3coding sequenceAlthough promoters areegerally
located upstream of the transcription start site in aboufl Xb long (Ignatieva et al.,
2014, we cannot rule out that the citered promotor couldack citical regulatory
regions required for tissuespecific CEACAM3 regulation. Chromatin
immunoprecipitation sequencing (Ch#eq) is currently used for analysis of protBINA
interactions to determine locations of binding sites for almost any protein oésnte
Interestingly,between 20 Kb upstream and 1@ idownstream of the CEACAMS3 open
reading frame ten transcription factorsvere identified(DECODE ChlPseq, Qiagen)

They include AREBG6, Elk1l, GCNF, GCNFL, GCNF2, NRSF form 1, NRSFofm 2,
Nkx5-1 together with binding sites of GATA and FOXF2Based on these predictions,
TFs and regulatory elements importgartb drive an endogenotike expression were not
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included in our strategy, as well as regulatory elements withirCEB&CAM3intronic
sequence were excluded. In addition, it has been reported that expression of neighboring
CEACAM genes, which are naturally expressed in human granulocytes, are required for
proper CEACAM gene regulatio(Chan and Stanners, 2Q04rherefore,any eventual
misregulation of CEACAM3 expressiodye to the lack of neighboring CEACAMS in our
transgenignice cannot be excluded

Recently, gee targeting techniques have been extensively improved by using engineered
clustered regularly interspaced short palindromic repeats (CRIGB$9Y in mouse
transgenesi§Cho et al., 2006Kaneko and Mashimo, 201Platt et al., 2014Shen et al.,

2013. Together with strategies using homologous recombination in embryonic stem (ES)
cells, these methodologies allow nowadays the insertion of a transgene at a selected locus.
In Knockin mice the insert is flanked by DNA sequences framoracritical locus, which
through homologous recombination are specifically integrated as a single Tdupyis
important because the gene will achieve biological (i.e. natural) expression patterns and
levels.However, specific locus for granulocytesticted expression has not been reported.
Because BAC vectors are able to encompass most mammalian genes including open
reading frame and most regulatory sequeliCepeland et al., 200X u et al., 200 BAC
recombineering has been widely usedyémeratdransgenic mice expressing a variety of
reporters(Gong et al., 2003Lobo et al., 20060r epitope taggegroteins(Bateup et al.,

200 dri ven by speciyc endogenous prandomot er s .
integration,meaning that the desired gene could end up anywhere in theydmsne.
However,the advantage is that tldesired gene mighie placed under its owpromoter,
leading toan endogenoudike expression and phenotype, which ¢andeally fordiseae
models. For future studies, in order to achieve a more reliable expression pattern and
circumvent possiblenegative effects of the transgene in embryonic development we
propose to use novel technologies for the generation of conditional transgenic mice.
Conditionaland induciblegene modifications, which offer a temporal and -spkcific
control, could be beneficial in order to circumvent lethal efféetag et al., 20LHenry

et al., 2009Muthusamy et al., 2034 horens et al., 2035
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51 Abstract

Human granulocytes express several glycoproteins of the carcinoembryonic-aeliged

cell adhesion molecule (CEACAM) family. One family member, CEACAlg3rates as

a single chain phagocytic receptor initiating the detection, internalization, and destruction
of a limited set of grammegative bacteria. In contrast, the function of CEACAM4, a
closely related protein, is completely unknown. This is mainlytdue lack of a specific
ligand for CEACAMA4. By generating chimeric proteins containing the extracellular
bacteriabinding domain of CEACAMS3 and the transmembrane and cytoplasmic part of
CEACAM4 (CEACAM3/4) we demonstrate that this chimeric receptor cagygedr
efficient phagocytosis of attached particles. Uptake of CEACANIBMNd bacteria
requires the intact immunoreceptor tyrosbased activation motif (ITAM) of CEACAM4

and this motif is phosphorylated by Src family protein tyrosine kinases (PTKs) upon
receptor clustering. Furthermore, SH@mains derived from Src PTKs,
phosphatidylinositol 306 kinase, and the
associate with the phosphorylated CEACAM4 ITAM. Deletion of this sequence motif or
inhibition of Sc PTKs block CEACAM4mediated uptake. Together, our results suggest
that this orphan receptor of the CEACAM family has phagocytic function and prompt
efforts to identify CEACAMA4 ligands.

52 I ntroducti on

The innate immune system provides early detection amineltion of potentially harmful
microbes. It has become clear that evolutionary conserved,-lgernencoded factors
respond to molecular patterns generally associated with microorga(i8nieiro and
Ellar, 200§. One important family of pattern recognition molecules are the-likell
receptors (TLRs) that aneot only expressed by hematopoietic cells, but also found on
cells outside of the immune system including epithelial or endothelial(@alkeda et al.,
2003. TLRs allow both immune and neammune cells to generate danger signals, which

direct innate and acquired immudefenseso infected locations within the body. Another

set of recognition molecules allows specialized cells of the innate immune system not only

to recognize, but also to phagocytose and eliminate a broad range of microbes. These

include scavenger receptors;type lectins, and Siglecs, which are found on professional

phagocytes and which bind to carbohydrate and protein structures found on the surface of
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diverse parasites, bacteria, and fu@ieschoug ad Gordon, 20082009. Besides these
broadly responsive systems, it has become clear that innate immune cells also express
additional gerrdine encoded receptors that are tailored toward particular subsets -of host
associated pathogendn exampleis found in a group of mammalian receptors of the
immunoglobulin family, the carcinoembryonic antigetated cell adhesion molecules
(CEACAMS) (Kuespert et al., 2006 Due to multiple gene duplication and gene
conversion events, the CEACAM family displays extraordinary diversity between the
different mammalian lineageKammerer et al., 2007 This diversity becomes most
evident, when comparing the number of CEACAM genes encoded in published genomes
(Kammerer and Zimmermann, 2010n humans, there are 12 members of the CEACAM
family, which are expressed in several tisgitmmarstrom, 199Kuespert et al., 2006

Some family members such as CEACAM1, CEA, CEACAM6 or CEACAM7 are either
expressed exclusively on epithelia or found on epithelial cells and a varietgitbaal

cell types. In contrast, several members are restricted to hematopoietic cells, e.g.
CEACAMS3, CEACAM4, and CEACAMS have only been reported from human myeloid
cells. In particular, CEACAM3 (initially termed CGMdr CD66d) is known to mediate

the ooninindependent recognition and phagocytosis of a limited set of hueséicted
bacterial pathogens. For example, strains N#isseria gonorrhoeaewhich express
CEACAM-binding adhesins of the opacity associated protein familydQpaoteins), are
recognized by this glycoprote{€hen and Gotschlich, 1998auck et al., 1998Schmitter

et al., 2003 Therefore, CEACAM3 functions as a singleain phagocytic receptor that
provides the innate immune $ym with a means to specifically detect and eliminate
CEACAM-binding bacteria(Buntru et al., 2012 CEACAM3 is characterized by a
cytoplasmic domain containing an immunoreceptor tyrebamed activation motif
(ITAM) -like sequencéMcCaw et al.,, 2003Schmitter et al., 2004 Previous work has
demonstratethat this motif is critical to provide CEACAMS3 with efficient phagocytic and
bactericidal propertieBuntru et al., 201;1Schmitter et al., 2007b

Interestingly, the human genome encodes an additional CEACAM family member with a
domain structure closely resembling CEACANKUroki et al., 199). During the revision

of the CEA family nomenclature this CEACAMB8Iated protein, that had been initially
designated W236 or CGM(Kuroki et al., 1991 Kuroki et al., 199% has been renamed
into CEACAMA4 (Beauchemin et al., 3). CEACAM4 seems to be exclusively expressed
by myeloid cells, as its cDNA has been initially cloned from a human leukocyte cDNA

library (Kuroki et al., 199)1 and its mRNA has not been detected in a varietiftérent
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epithelial, neuronal or mesenchymal tumor céllfflompson et al., 1993 Similar to
CEACAMS3, CEACAM4 has a single {glike extracellular domain and its cytoplasmic
part contains an ITAM sequen(eils et al., 2008 However, the physiological function of

CEACAMA4 is urtlear due to the lack of known ligands for this membrane protein.

Here, we provide evidence that CEACAM4 can function as a phagocytic receptor. By
domain swapping with the bactetinding extracellular domain of CEACAM3, the intact
transmembrane and int@lular domains of CEACAM4 mediate efficient uptake of
Opaea proteinexpressingN. gonorrhoeaento transfected cells. Bacterial internalization

is accompanied by tyrosine phosphorylation of CEACAM4 and depends on the integrity of
the cytoplasmic ITAM sguence. Upon Src family kinaseediated phosphorylation,
tyrosine residues of the CEACAM4 ITAM associate with SH2 domain containing
cytoplasmic proteins involved igignaling processes during phagocytosis. Our results
suggest that the orphan receptor CEAGA serves a phagocytic function in human

granulocytes and they provide impetus to identify CEACAM4 ligands.

53 Mateankdét hods

1 Cell culture and differentiation of HL60 cells

Human embryonic kidney epithelial 293T cells (293 cells) were culturddunl b e cc o 6 s
modi fied Eagl eds medi%@s HurDad grofyelocyticieulemia i ng 1 C
HL-60 cellswere grown in RPMI 1640 mediusupplemented with 10 fetal bovine

serum (10% FCS).Cellswere grown at 37C in 5% CQ, and subcultured every2days.

For in vitro differentiation, HL60 cells at a density &fx 10° - 1 x 10° cells/ml were

cultured in the presence of 1 uM -@déns retinoic acid for 6 daysith the medium
replacedonceatfter three days.

1 Bacteria

Neisseriagonorrhoeaenon-piliated MS11strairs expressinga CEACAM-binding Opa
protein (strain N309; NgoOpaea), or nonCEACAM binding (strain N302; Ngo Opa
variants (Kupsch et al., 1993a and Neisseriameningitids H44/76 (serotype B strain
N687)(de Vries et al., 1996vere kindly provided by Thomas Mey@vax-PlanckInstitut
fur Infektionsbiologie, Berlin, GermanyiNeisseriawere grown on GC agar plates (Difco
BRL, Paisley, UK) supplemented with vitamins at°&, 5% CQO, and subcultured every

day using a binocular microscop®oraxella catarrhalis(stran 9143) and Haemophilus
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aegyptius (strain 21187)were obtained fromthe DSMZ (Deutsche Sammlung von
Mikroorganismen und Zellkulturen Braunschweig, Germany).Moraxella and
Haemophilusveregrown on BHlagar platest 37°C, 5% CO,. For infection, oveamight

grown bacteria were taken from GC agar plates, suspended in PBS, and colony forming
units (cfu) were estimated by @fgreadings according to a standard cufdesome cases
bacteria were labelgatior to infection with 0.2 pg/ml of PacificBluer CFSE(Invitrogen
Carlsbad, CA)n PBS for 15min at 37°C underdark andwashed three times with PBS

before use

1 Recombinant DNA constructs

Mammalian expression plasmids encoding Gtagged and mKatéagged versions of
CEACAMS3 have been described previougBuntru et al., 2011 Pils et al., 201p
Corstructs encodingsFP, mKate, ySrc,the SH2domains of iman SLP76c-Yes Nck2,
aswell as the Merminal SH2domain ofPI3Kr egul at or y s ufusedtot 2
mKate have been describ@8untru et al., 2011Kopp et al., 2012Pils etal., 2013. The
purified recombinant GSTusion proteins encoding the SH2 domains of human Hck, Lck,
c-Yes, Tec, Syk (thésolated Nterminal and @erminal SH2 domains; SyM, Syk-C),
PISKR3 (the isolated Merminal and @erminal SH2 domains; PI3KRS, PI3KR3C),
Vav, Nckl, Nck2, Grb2, Grbl4, and Slphave beerused beforgKopp et al., 2012
Schmitter et al., 2007a

The human monocytic MCSF receptor promoter (pMCSFRhd its mutated version as
well as the PU.1 expression vector were described befeokan et al., 200&Zhang et al.,
1994). The primer sequences used for cloning procedaressummarized iffable 5.1.
The humanCEACAM3and CEACAM4promoters were amplified from human genomic
DNA cloned in pBAC €3.6 vecto®©soegawa et al., 200which were oldined from the
BACPAC Resource CentefChildren's Hospital Oakland Research Institueakland,
CA). Using pBAC 3.6 clone RP1343B1 as a template, tl@EACAM3promoter region

i ncl ud tocaged Kpnl Sitewas amplified with primergpromoterCC3-senseand
promoterCC3-antiNhel The CEACAM4 promoter region was amplified frgBAC 3.6
clone RP11976L23 with primers pomoterCC4senseKpnland pomoterCC4-antiNhel
The promoter sequences weslned via Kpnl/Nhel restriction sites into the luciferase
reporter vector pGL4.1(Pfomega, Mannheim, Germanyhe humanCEACAM4 cDNA
originally cloned byM. Kuroki (Kuroki et al., 199) was kindly provided by W.
Zimmermann l(udwig-Maximilians-Universitaf Minchen, Germay). The CEACAM4
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coding sequence was amplified with prim@i&A4-IF-senseand CEA4-IF-w/0STORanti
andinsertedinto pDNR-Dual using the IrFusion Drydown PCR Cloning Kit (Clontech,
Mountain View, CA) Via Cremediated recombinatiopnthe CEACAM4 cDNA was
transferredinto the mammalian expression vectptPS3 NJEGF P ( @llowingt e ¢ h)
expressiorof CEACAM4-GFP fusion proteifCEACAM4-GFP) To generate a chimera
of the CEACAM4 transmembrane and cytoplasndomain fusedo the amincterminal
Igv-like domain of CEACAM3,the coding sequence GIEACAM3 was amplified with
primers CEACAMB3IF-sense and CEABIT(-CEA4-TM-cyto)antisenseln parallel, the
CEACAM 4 cDNA was amplified with primers CEA4'M-cyto-sense and CEAf#F-
w/oSTORantisenseThe two resultig PCR fragments were fusdxy soeind®CR using
CEACAMS-IF-senseand CEA4-IF-w/0STORantisense primers. TheoeingPCR product
was cloned into pDNfual via the Infusion cloning kit to yield the wiletype
CEACAM3/4 chimera (CEACAM3/4 WT). Furthermore, d corstruct CEACAM3/4
chimeralacking the cytoplasmic domaiwe used pDNRDual CEACAM3/4 WTfor PCR
amplification with primers CEACAM3-IF-senseand CEA4-deltaCFIF-antisense.The
resulting PCR fragmentwas cloned into pDNRDual to yield the EACAM3/4 DCT.
Point mutationsby substitution of tyrosine residues located in the araicid positions 222
and 233of chimera CEACAM3/4 WTwere introducedsequentiallyby site-directed
mutagenesisusing primer pairs: chif®C3/4Y222Fsense and chimCC3/4Y222F
antisense awell as chinCC3/4Y233FsenseandchimCC3/4Y233Fantisense to generate
the double mutantCEACAM3/4 Y222/233F. Subsequently all the constructs were
sequence verified antransferredinto pLPS-3 6 mK art pbPS3 BGFP by Cre/Lox
recombination as describedepiously(Muenzner et al., 2030

Table 5.1 Primer sequences

Construct Primer Sequence
Promoter CEACAM3 PromoterCC3-sense 5 €«TCCTGTGTCTCAGGCATTG3 6
(pGL4.10)

PromoterCC3-antisense Nhel 5 ATAGCTAGCGGTCTCTGCTG
CCTGCTCTT3 6
Promoter CEACAM4 PromoterCC4-sense Kpnl 5 - ATAGGTACCCCCTGCATCTA
(pGL4.10) TAGGGTGG3 6
PromoterCC4-antisense Nhel 5 ATAGCTAGCGTCTCTGCTGC
CTGCTTGTG3 6
CEACAM4 CEA4-IF-sense 5 GAAGTTATCAGTCGACACCA
(PDNR-Dual) TGGGCCCCCCCTCAGC@ 6
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CEA4-IF-w/oSTORantisense 5 ATGGTCTAGAAAGCTTGAGA
CCACATCTGCTTTGTGG3 6
CEACAM4 -GFP Crelox recombination pDNR-Dual-CEACAMA4
(PLPS3 NJEGF P)
CEACAM3/4-WT CEACAMS3-IF-sense 5 GSAAGTTATCAGTCGATACCA
(PDNR-Dual) TGGGGCCCCCCTCAGCS@G 6
Soeing PCR CEA3-NT(-CEA4-TM-cyto) 5 ACCAGGACCCCAGTCACGAT
antisense GCCGGCGACGGCcceeea o
CEA4-TM-cyto-sense 5 ©GGGGCCGTCGCCGGCATCG
TGACTGGGGTCCTGGT3 6
CEAA4-IF-w/oSTORantisense 5 ATGGTCTAGAAAGTCTGAGA
CCACATCTGCTTTGTGS 6
CEACAM3/4-pC T CEACAMS3-IF-sense 5 GGAAGTTATCAGTCGATACCA
(PDNR-Dual) TGGGGCCCCCCTCAGC@ 6
CEA4-deltaCTFIF-antisense 5 ATGGTCTAGAAAGCTTCCAG

TCCTGGAGAG3 6

CEACAM3/4-Y222/233F | chimCC3/4Y222FDpnl-sense 5 &AACAGCCACTCCCATTTTC
(pPDNR-Dual) GAAGAATTGCTATACTCTG-3 6

chimCC3/4Y222FDpnl-antisense | 5 &£AGAGTATAGCAATTCTTCG

Site directed mutagenesis .
AAAATGGGAGTGGCTGTTG3 6

chimCC3/4Y233FDpnl-sense 5 @CTATACTCTGATGCAAATA
TTTTCTGCCAGATCGACCAG3 6

chimCC3/4Y233FDpnl-antisense | 5 &G TGGTCGATCTGGCAGAAAA
TATTTGCATCAGAGTATAGC-3 6

CEACAM3/4-GFP Cre-lox recombination pDNR-DuatCEACAM3/4

(PLPS3 NJEGF P)

CEACAM3/4-mKate Crelox recombination pDNR-Dual-CEACAM3/4
(pLPS3-mKate)

CEACAM3/4-gpC ImKate | Crelox recombination pDNR-DuatCEACAM3/4-pC T
(pLPS3-mKate)

CEACAM3/4-Y222/233F | Crellox recombination pDNR-DualCEACAMS3/4-Y222/233F
mKate

(pLPS3-mKate)

1 Antibodies and Reagents

Monoclonal antibody (b) D14HD11 (crosseactive with CEACAMS3) was from
GENOVAC (Freiburg, GermanyThe mAb against green fluorescent protein (GFP) (clone
JL-8) was fromBD Biosciences (Palo Alto, CAmAb against ¥5rc (clone EC10) and
against phosphotyrosingTyr; clone 4G10) were from Upstate Biotechnology (Lake
Placid, NY) andnAb against glutathion&transferase (GST) (cloneB}) was from Santa
Cruz Biotechnology (Santa Cruz, CArc inhibitor PP2 was obtained fro@albiochem
(La Jolla, CA, USA) The mAb anti-Opa protein antibody (clone 4B12/C11l) was a
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generous gift oMarc Achtman (MPI fur Infektiosbiologie, Berlin, GermanyA rabbit
polyclonal antibody was generated against formaldelfiygel N. gonorrhoeaeand N.
meningitidis (IG-511) by Immunoglobe (Himmelstadt, Germany). A rabbit polyclonal
antibody against recombinant mKate wastom generat and affinity purified (Animal
Research Facility, Universitat Konstanz, Germaiyle nmAb against tubulin (clone &)

was purified from hybridoma cell supernatants obtained from DSHB (University of lowa,
IA). Protein A/G sepharose was obtained from S&maz Biotechnology(SantaCruz,

CA).

1 Detection of humanCEACAM3 and CEACAM4 mRNA by gPCR analysis
Total RNA from differentiated or nedifferentiated HE60 cells and CEACAM

transfected or notransfected?93 cellswas extracted (Qiagen RNeal\ni kit, Qiagen
Hilden, Germany and [Nase digested (RNa$ee DNase,Qiager). Complementary
DNA (cDNA) was synthesized from 2g of total RNA in a 20Cel reaction using the
MMuLV reverse transcriptase and Oligd primers. As a control for chromosomal DNA
contanination, RNA was used directly for PCR amplification. The expression of human
CEACAMs was assessed using predesigned TafMessaysfor CEACAM3 (ID:
Hs00926316_mjilor CEACAM4 (assaylD: Hs00156509 m)lfrom Life Technologies.
PCR amplification was performedsing TagMan Fast Advanced Master Mix (Life
Technologies). Primers for glyceraldehyde $hosphate dehydrogenasg5 -N;j
GAAGGTGAAGGTCGGAGTCA3 Nj a-TTGAGEGNLAATGAAGGGGTG3)Njvere
employed to amplify GAPDH cDNA in the presenceSMBR Green(SigmaAldrich). All
reactions were subjected to 40 PCR cycMadtercyclerealplex Eppendorf Hamburg,
Germany with 95e C f0e8,160eXC f s,andZB® C f e.Quardtificationof PCR
datawas done by the comparative @ethod(Schmittgen and Livak, 2008

1 Transfection of cells, @Il lysis,mmunoprecipitation, Western blotting

293 cellswere transfected by the standard calcium phosphaterempitation method
Cells were employed in infection experimedghoursafter the transfection. Cell lysis
modified RIPA buffer and \Wstern blottingwere performed as describegreviously
(Agerer et al., 2003Schmitter et al., 2004 For immunoprecipitations, wholell lysates
were incubated with 3 pug of polyclonal rabbit aG#P or antimKate antibodyovernight
followed by 1 lourincubation with protein A/G sepharose, all &Gl After three washes
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with Triton buffer, precipitates were taken up in SB&nple buer and analyzed by

western blotting.

1 Detectionof CEACAM -binding by bacterial Pull-down assays

Expression of the solubkmincterminal domains of human CEACAMs in 293 cells and
binding studies with differenimicroorganismswere performed as described previously
(Kuespert and Hauck, 200Buespert et al., 20Q7Bacteria were added to CEACAM-N
domain containing cell culture supernatant in a total volume of 1 ml and incubated for 1
hour. After incubation, the bacteria were washed twice with PBS and boiled in SDS®sampl

buffer prior to SDSPAGE and western blottingvith a GFRdirected monoclonal antibody

1 Gentamicin protection assay

Gentamicin protection assays were conducted as describedystg (Schmitter et al.,
2009. 4 x 10’ cells were seeded in 24 well platesated withfibronectin (4pg/ml) and
poly-L-lysine (10 pg/ml) A multiplicity of infection (MOI) of 30 bacteria per cell was
routinely used, and after 1 hour of infection, extracellular bacteria were killed by 45 min
incubationwith 50 pg/ml gentamicin iDMEM. Then, cells were lysed with % saponin

in PBS for 15 min. The samples were diluted with PBS, and the number of viable bacteria
was determined by plating suitable dilutions on GC agar. For inhibition studies, cells were
treatel with the Src inhibitoPP2 (Calbiochem) 1&in prior to infection.

1 Bacterial adherence assay

Cells were seeded and infected as described for gentamicin protection assays. After the
infection, cells were gently washed befdiney were lysed by addition of % saponin in

PBS forl5 min.Total cell-associatedbacteria were suspended by vigorous pipetting, and
colony forming units were determined by plating of serial dilutions on GC agar.

1 GST-pull down and Probing of peptide spot membranes

For GSFpull downs, 4 ug of purified GST or GHTision protein attached to glutathiene
sepharose bead#&mersham Biosciences) weexlded to whole cell lysates (WCLsej
transfected 293 cells. In some cases, 293 vadle cotransfected with a-&rcencodng
plasmid to ensure maximal tyrosine phosphorylation of CEACAMdmples were
incubatedfor 4 hours at 4 °C under constant rotatiorAfter four washes with PBS
containing 0.0% Tween,precipitates were boiled in 2x SDS sambldfer before SDS

PAGE and western blot analysis. Generation and probing of peptide spot membranes was
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conducted as described previously using 20 pg of SHZ domains or GST alone
(Schmitter et al., 2007a

1 Preparation and useof SH2 domainmicroarrays

Protein domain microarrays containing recombinant, &%fedSH2 domainsderived
from various human proteingvere prepared onaldehyde modified glasslides as
previously reportedKopp et al., 201p Arrays were incubated owveght at 4°C with cell
lysatesfrom CEACAM4-GFP and vSrc expressing cells {BEACAM4) or CEACAM4
GFP only expressing cells (CEACAMA4After incubaton, the arrays werwashed and
probed withant-GFP monoclonabntibody for 1 lbur at RT followed by Cy3labeled
secondary antibodwfter washing the slids weredried by centrifugation. Binding signals
for a particular SH2 domain obtained for unphospladed CEACAM4 weresubtracted
from the signals obtained for@EACAMA4. The resulting intensities wermrmalized to
the amount of arrapound SH2 domains as measured by probing arrays wittG&Ti
antibodyallowing comparison in binding strength betwelferent SH2 domains.

71 Differential staining of intracellular bacteria for confocal microscopy

To discriminate between intra and extracellular bacteria, a differential
immunofluorescence staining protocol was appliediescribed(Kuespert et al., 2031
Briefly, transfected 293 cellsereseededn glass coverslips 24 well plates and infected
for 60 min with Opaga proteinexpressindN. gonorrhoea@t an MOI of 30Samples were
fixed with 4 % paraformaldehydeand after three washes with PBSamples were
incubated in blocking buffer (PBS, 2@ fetal CS) for 5 min Extracellular bacteriavere
stainedwith a rabbit polyclonaN. gonorrhoeaeantibody(1G-511)for 1 hour,followed by
incubaton for 45 min with Cy5coupled goatntirabbit antibod/ in blocking buffer.
Following twoPBSwashessamples were incubated 20 min with 0.1% Triton-X100 to
permeabilize cellular membranes. After three furthABS washes and 5 min in blocking
buffer, samples weregain incubated for 1 houmwith the rabbi polyclonal antN.
gonorrhoeaeantibody(IG-511) to detect intracellular and extracellular bacteria. Samples
were washe® times with PBS, they were treated with blocking buffer for Smnmtthen
incubated for 45 min with Cy2oupledgoatanttrabbit antibody. FollowindastthreePBS

washes, samples were embedded in mounting medium (Dako, Glostrup, Denmark).

Fixed samples were analyzed with a Leica TCS SP5 confocal laser scanning microscope

(LeicaMicrosystems, Wetzlar, Germanyluorescenceignals oftriple-labeledspecimens
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were serially recorded to avoid blegdough. Images were digitally processeith NIH
ImageJand merged to yield pseudocolored pictures.

54 Res wlntds Di scussi on

1 CEACAMA4 is under the control of a myeloidspecific promoter

CEACAMS is expressedy human granulocyteand mediates the opsonindependent
phagocytosis ofOpaea proteinexpressingN. gonorrhoeae (Schmitter et al., 2004
CEACAM4, another CEACAM family membeperfectly matches the domain structure of
CEACAMS (Kuroki et al., 1991Pils et al., 2008 Both proteins are highly homologous in
the carboxyterminal intracellular parfamino acididentity 73%) (Suppl. Figure 5.1A).
However, they display lessequencédentity in themicrobebinding extracellular Igitike
domain émino acididentity 49%) (Suppl. Figure 5.1A), in particular in the CF@ace of

the immunoglobulin fold Guppl. Figure 5.1B). Strikingly, these twomembraneproteins
harbor an ITAMIike sequence close to the carbdaryminus suggesting that CEACAM4
might function to transduce signals into the c8gpl. Figure 5.1A). CEACAM4 was
originally cloned from a pooled human leukocyte cDNA libréyroki et al., 1991 This
suggests that, similar to CEACAM3, CEACAM4 might alsodxpressed by phagocytic
cells. As CEACAM4specific antibodies are not available, we utilized a TacMan probe
based gRIPCR analysis, which discriminates between the CEACAMS3 dmel
CEACAM4 cDNA (Suppl. Figure 5.1C). This assay was used to analyze the presence of
the CEACAM4 mRNA in the promyeloid cell line HL60, which can be differentiated
vitro by retinoic acid towards a granulocyte phenotype. Importantly, there was a slight
increase in CEACAM3 mRNA and a cleart6 7-fold rise in CEACAM4 mRNA in HL60
cells during the course af vitro differentiation Figure 5.1A). To further investigatehe
myeloid-specificregulation of thesevo receptorswe performed Uiciferase reporteassays
using ~3 K fragments derived from the promoteegions ofthe CEACAM3or the
CEACAM4gene, respectivelyAs a comparison, theuman MCSF receptor promoter
(PMCSFR) was usedvhich is known to respond to the myelarenscription factor PU.1
(Figure 5.1B) (DeKoter et al., 1998Zhang et al., 1994 In agreement with its myeloid
specific expressignwildtype pMCSHR showed 4 to 9fold increase in activity in the
presence of PU.1, wherettee M-CSF receptor promotevith mutated PU.1 binding site
(PMCSFR mutateddid not respod.
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Figure 5.1 CEACAM4 is expressed in human phagocytes, but does not recognize CEACAbINding
bacteria. (A) HL60 cells were differentiateth vitro and CEACAM3 or CEACAM4 RNA levels were
guantified by reatime PCR. Samples were normalized according to expression of GAPDH and are shown as
-fold increase in mMRNA compared to undifferentiated HL60 céB3.Luciferase reporter assaysth 293

cells transfected with plasmids encoditig M-CSF receptor promoter (pMCSFR), the MCSFR promoter
with a mutated PU.1 binding site (pMCSFR mutated), the CEACAMS3 promoter, or the CEACAM4
promoter. Plasmids were transfected together with an empty control vector or with an expression plasmid
encoding the myleid transcription factor PU.1, respectively. Each point represents luciferase activity in
independent samples and is given &f®ld activity of PU.ktransfected cells compared to the control vector
samples(C) 293 cells were transfected with the emphf*S-3 -&EGFPvector or the same plasmid encoding
CEACAM3 or CEACAM4, respectivelyCells were infectedfor 1 hour with either N. gonorrhoeae
expressing an Opa, protein adhesin (Ngo Opga) or lacking Opaga protein expression (Ngo Opaat a

MOI of 30. Values represent the mean + standard deviations (n=3) of the tomssmiiated bacteria (top
graph) or internalized bacteria (bottom grapii) The indicatedsecretedCEACAM-GFP fusion proteins

were expressed in 293 cells arell culture superrtantswereanalyzed by Western blotting with ai@FP
antibody (Supe; left panel). Ae indicated GFRusion proteinswere incubatedwith nornopague N.
gonorrhoeagNgo Opa), Opaea proteinexpressing gonococci (Ngo Qgpa), N. meningitidisHaemophilus
aegyptius or Moraxella catarrhalis After washing, bacteriassociated fusion proted were detected by
western blottingvith a monoclonal arGFP antibodyPull-down; right panels).
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Similarly, PU.1 enhancedCEACAM3 and CEACAM4 promoter activity 4 or 10fold,
respectively, explaining the expression of the encoded receptor proteins in the myeloid
lineage (Figure 5.1B). These results are in line wifindings from unbiased screens in
myeloid precursor cells, which have identified the CEACAM4 promoter as a target of the
promyelocytic leukemiaetinoic acid receptola oncogene(Wang et al., 2010 and

suggesthat CEACAM4 is expressed in human myeloid cells

1 CEACAM4 does notrecognize knownCEACAM -binding bacteria

Based on the known interaction of several human restricted pathoganstivar members

of the CEACAM family (Chen and Gotschlich, 199&hen et b, 1997, we initially
attempted to identify CEACAM4 ligands by a candidate approach using strains of
N. gonorrhoeae N. meningitidis H. aegyptius and M. catarrhalis with documented
binding properties for CEACAM1, CEACAM3, CEA, or CEACAMBrooks et al., 2008

Hill and Virji, 2003 Kuespert et al., 200¥irji et al., 200Q. Therefore, human 293 cells
were transfectedwith cDNA encoding GFP, GFRgged CEACAM3, or GFRtagged
CEACAMA4. To verify the expression of the transfected constructs, cell lysates were
probed with GFRlirected antibodiesSuppl. Figure 5.2A). Next, cells werenfectedfor 1

hour with either noropaqueNeisseria gonorrhoeagNgo Opa), which do not bind to any
CEACAM, or an isogeni®©pacea-protein expressing straifNgo Opacga) at anMOI of

30. Opa protein expression byehused strains was detected by western blot@Bugpgl.
Figure 5.2B). Infected amples were employed in bacterial adhesion assays and
gentamicin protection assays to measure the cell association and internalization of the
bacteria by the transfected cellss Ahown before, 293 cells transfected with the control
vector did not bind or internalize nampaque or Opga proteinexpressing bacteria
(Figure 5.1C). In contrastCEACAM3 expression allowed efficient binding and uptake of
pathogens (Figure 5.1C). Importantly, CEACAM4-expressing cells did not show
enhanced association with ropaque or Opga proteinexpressing bacteria and did not
interralize the microorganismgFigure 5.1C). To directly test CEACAM4 binding of
different pathogenic bacteria, we employed the ar@nminal, extracellular domains of
CEACAM3, CEACAM4, and CEACAMS in the form ofotuble GFPfusion proteins in
bacterial puldowns. As seen previouslKuespert et al.,, 2011Kuespert et al., 2007
Opaea proteinexpressing strains ™. gonorrhoea®r N. meningitidisas well as selected
strains ofHaemophilusaegyptiusand Moraxella catarrhalisasso@ted with CEACAV3,

but not with CEACAMBS Figure 5.1D). Importantly, none of these strains showed binding
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to the CEAQA\M4 extracellular domainKigure 5.1D). This is in line with a previous
report by Popp and colleagues, who also did not detect binding of CEACAM4 to different
laboratory strains oN. gonorrhoeagPopp et al., 1999 However, the failure to detect
CEACAM4-binding bacteria in this limited set &hown CEACAM-binding pathogens
does not rule out the possibility that CEACAM4 could function as a receptor for

microorganisms.

1 The cytoplasmic domain of CEACAM4 is able to induce phagocytosis

Despite the lack of binding and internalization of known CEACHIKding bacteria,
CEACAM4 could nevertheless have phagocytic activity. To test the functionality of the
CEACAM4 cytoplasmic domain in the absence of a known ligand, we constructed
chimeric receptors based on the bactbmaling Ig-like domain of CEACAM3 fusedto

the transmembrane and cytoplasmic domain of CEACAM4 (CEACAMS3/4). In addition to
the wildtype intracellular domain of CEACAMA4, we generated a truncated receptor lacking
cytoplasmic amino acids (CEACAMS3ECT) or exchanged the critical tyrosine residues
in the CEACAM4 ITAM sequence for phenylalanine (CEACAMS3/4 Y222/233F) to
abrogate tyrosine phosphorylatioRiqure 5.2A). To allow detection of the transfected
cells, all receptor constructs were fused to-&@ninal mKate or GFP tadrigure 5.2A).

293 cells were transfected with the atktagged constructs or left untransfected and
expression of the chimeric receptor proteins was analyzed by flow cytometry and western
blotting (Suppl. Figure 5.3A-B). Transient transfection resulted in equivalent leveldhef
CEACAMS3/4 chimera; with transfectio efficiencies ranging around 60 % of the cell
population Suppl. Figure 5.3A). Transfected cells welefectedwith fluoresceinlabeled
Opaea proteinexpressing\. gonorrhoeador 1 hour (MOI 30) and bacterial binding and
uptake by the transfected cells was quantifi€lippl. Figure 5.3C, Figure 5.2B).
Importantly, the CEACAM3/4 chimera was able rrediatebinding and uptake of the
bacteia to a similar extent as CEACAMS(ppl. Figure 5.3C, Figure 5.2B).

In contrast, the receptor lacking the cytoplasmic domain (CEACANSETas well as

the chimeric receptor with mutated ITANke sequence (CEACAMS3/4 Y222/233F)
showed similar association with bacteria, but failed to internalize the micrSogpl(

Figure 5.3C, Figure 5.2B). These data demonstrate tthae CEACAM4 cytoplasmic
domain is able to trigger efficient internalization of bacteria and that this process depends

on the tyrosine residues within the ITAMe sequence.
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1 CEACAMA4 -initiated signals trigger internalization of bacteria
To furtherverify that theCEACAMS3/4 chimera is able to mediate bacterial uptake, we

investigated infected cells by confocal laser scanning microséamprdingly, 293 cells
were transfected with the indicated mkédgged constructs or mKate alone and two days
later thecells were infected for 1 hour with Qga proteinexpressing\. gonorrhoeae
Samples were fixed and extracellular bactemere labeledwith a polyclonal anti
gonococcal antiserum and Ggbupled goaanti rabbit antibodies. Next, samples were
permeabilized and bacteria were again stained with a polyclonalg@ricoccal
antiserum. In this case, a GgBupled goaanti rabbit antibody wachosen as secondary
reagent allowing discrimination between intracellular (labeled v@y? only) and
extracellular bacteria (labeled wi@y2 andCy5). As expected, mKate transfected cells did
not harbor intracellular bacteria and only very few bactergae associated with the
eukaryotic cells Kigure 5.2C). CEACAMS-transfected cells, in contrast, showed
increased numbers of calssociated bacteria and containetlacellular bacteriaHigure
5.2C). Similarly, Opaea proteinexpressing bacteria were detected inside cells transfected
with CEACAM3/4 demonstrating that the cytapimic domain of CEACAM4 is able to
trigger bacterial phagocytosis. The chimeric receptetocalized with ceHassociated
bacteria in agreement with the notion that Eparoteinexpressing gonococci bind to the
extracellulay CEACAM3-derived Ig-like domain (Figure 5.2C). Importantly, neither
cells expressing CEACAM3/ 4 &CT (lacking tF
cells expressingfCEACAMS3/4 Y222/233F(with compomised CEACAM4 ITAMlike
sequence) supported internalization of gyagoroteinexpressindacteria, while bacteria
were associated with the cell membrgRgyure 5.2C). These results support the findings
obtained bygentamicin protection assaymd provide evidence that thHeEACAM4
cytoplasmic domaircan initiate theinternalization ofreceptofbound microorganisms
Similar to other phagocytic receptors such as khe 2 receptor-1,(ofFcoR) ,
CEACAMS, the phagocytic properties of the chimeric receptor depend on a tybesied
motif in the cytoplasmic domain of CEACAM4.
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Figure 5.2 The cytoplasmic domain of CEACAMA4 is able to trigger efficient internalization of bacteria.
(A) Schematic representation of CEACAM3 and CEACAM4, as well as the chimeric receptors. CEACAM3
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derived regions are indicated by white bars, CEACAdi&ived regions are indicated by black aadkdgray

bars. Tyrosine residues and their mutations in the cytoplasmic domain are highlighted. Stars indicate the C
terminal fluorescent protein tagB) 293 cells were transfected with vectors encoding mKate or mKate
tagged CEACAM3, CEACAM3/4, CEACAM3/¥ 222/ 233 F, or CEACAM3/ 4 @&CT, re
later, cells were infected with Oga proteinexpressingN. gonorrhoeagMOI 30) for 1 hour and viable
intracellular bacteria were measured by gentamicin protection assays. Bars represent mean + standard
deviations (n=3) of the internalized bacter{&€) 293 cells were transfectesk in (B)and infected with

Opaea proteinexpressingN. gonorrhoeae. Differential staining before and after cell permeabilization
allowed the discrimination between extracellular bacteria as well as extdaintracellular bacteria (total
bacteria) Arrows highlightintracellular bacteria, which were only detected in cells esging CEACAM3 or
CEACAM3/4 WT. Arrowheads point to cedissociated, extracellular bacte&zale bard0 pm.

1 The ITAM -like sequence of CEACAMA4 is tyrosine phosphorylatednd mediates
interaction with several SH2domain containing proteins
As the ITAMlike sequence derived from CEACAM4 was instrumental to drive
phagocytosis by the CEACAM3/4 fusion protein, we wondered if this motif of CEACAM4
becomes tyrosine phosphorylated. Previously, CEACAM3 has been shown to be a
substrate of Srcaimily PTKs expressed Y human granulocytegMcCaw et al., 2003
Schmitter et al., 20Q045chmitter et al., 200Faln vitro, the CEACAM3 ITAM-like motif
is efficiently phosphorylated by active viral Src-%vc) (Buntru et al., 2011Pils et al.,
2012. Therefore, we transfected 293 cells with construcencoding GFRagged
CEACAMS3, CEACAM4, or the CEACAMS3/4 chimera together with or without-&re
expression plasmid. Western blotting with a phosphosine specific monoclonal
antibody confirmed that CEACAM3 is tyrosine phosphorylated upeexpoessiorwith v-
Src Figure 5.3A). Likewise, CEACAM3/4 and CEACAM4 were tyrosine phosphorylated
in 293 cells inthe presence of-8rc Figure 5.3A). Western Blotting of the lysates with
antibodies directed against GFP or againSrw confirmed comparable expression levels
of the tansfected constructdiure 5.3A). The phosphorylated ITAMike sequence
might connect stimulated CEACAM4 with downstream signaling molecules to drive
phagocytosis. To screen for potential S¢htnain containing binding partners, we used a
custom made SH2 domain microarr@§opp et al., 2012 The micr@rray contained a
variety of purified, recombinant GSflised SH2 domains and was probed with lysates
containing unphosphorylated or phosphorylated CEACAM4 generated-é&ypcession of
v-Src. Western Blotting demonstrated that the used lysates contaimedleqt levels of
CEACAMA4-GFP or GFP, yet CEACAM&GFP was only tyrosine phosphorylated upon co
expression of a6rc Suppl. Figure 5.3D).

Detection of CEACAM4 boundo the array with an anGFP antibody revealed that
phosphorylated CEACAM4 associated with the SH2 domains of several Src family PTKs
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(Hck, Lck, and Yes), the amiroe r mi n a | SH2 domain of t he
(PI3KR3N), and the Nck2 SH2 domain,hereas no binding was seen for the SH2
domains of the adapter proteins Grb2, Grb14, or S(pfgure 5.3B). To confirm these
potential binding interactions, classical GBll-down assays were performed and the
precipitates were probed with a@FP antibodies to detect SHPmain bound
CEACAMA4. In agreement with the results of the protein domain microarraly, on
phosphorylated CEACAM4FP, but not the unphosphorylated receptor, associated with
the SH2 domains of Src PTKs, with the amteominal SH2 domain of PI3K, and with the
Nck2 SH2 domain, whereas no binding was seen for the adapter proteins Grb14a6d Slp
(Figure 5.3C). GST alone was not able to pdibwn phosphorylated CEACAM4 from the
lysates(Figure 5.3C). To ascertain that the receptor can directly interact with the different
SH2 domains and to identify the involved tyrosine residues, we employed synthetic
peptides spanning either the membrane proximal (Tyr222) or the membliatal
(Tyr233) tyrosine residue of the CEACAM4 ITANke sequencgFigure 5.3D). The
corresponding peptides were synthesized either in the unphosphorylated or in the
phosphorylated form on nitrocellulose filtgisrank, 1992, and probed with the puidfd

SH2 domains or GST alone. Importantly, whereas GST was unable to bind, the purified
SH2 domains of Yes, Nck2, and the amteaominal SH2 domain of PI3K associated with
synthetic CEACAM4 phosphpeptides, indicating that binding of these SH2 domains is
based on a direct proteprotein interaction(Figure 5.3D). In line with the GSTpull-

down analyses, binding did not occur for the unphosphorylated pegkdpse 5.3D).
Interestingly, both phosphotyrosine residues of the CEACAM4 ITAM sequence served as
binding sites for multiple SH2 domairiBigure 5.3D). These results demonstrate that the
phosphorylated ITAM sequence of CEACAM4 is able to directly associate with a set of
SH2domain containing proteins, including Src family PTKs, the adapter protein Nck2 as
well as PI3KR3 and that this interaction is sogpd by both tyrosine residusTyr222

and pTyr233)of the CEACAM4 ITAM sequenceThis situation is clearly distinct from
CEACAMS3, where SH2 domaimediated binding of protein and lipid kinases or adaptor
proteins has only been reported for the membpaogimal tyrosine residue (CEACAM3
pTyr230)(Buntru et al., 201;1Kopp et al., 2012Schmitter et al., 200Falndeed, similar

to the previous obseations, the SH2 domain of the Src PTK Yes only associated with
phosphorylated Tyr230 of CEACAMEFigure 5.3E).

Interestingly, the CEACAM4 tyrosinbased motif’Y xxL XY xxI) strictly correspnds to
the canonical ITAM signatureYxL/IXei12)YXXL/l) (Reth, 1989 found in the T-cell
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receptorg-chain or the activatingcoRs. In contrastthe membrae distal tyrosine residue
(CEACAM3 Tyr-241) in the ITAM-like sequence of CEACAM3(YXXLX7YXXM)
deviates from this consensus and only the membrane proximal tyrosine residue of
CEACAMS3, Tyr230 corresponds strictly to the ITAM consensus. In this respect,
CEACAMS shares similarities witlthe phagocytic receptor Dectin where asingle
membrangyroximal tyrosinebased motif is sufficient for Dectifrinduced signal
transductior{Rogers et al., 200%nderhill et al., 200p
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Figure 5.3 CEACAMA4 is tyrosine phosphorylated and directly binds to specific SH2 domaingA) 293

cells were transfected with plasmids encoding @#jed CEACAM3, CEACAM4, or CEACAM3/4 WT.

As indicated, cells were emansfected withv-Src. Phosphorylated CEACAMs were detectsidh a
monoclonal antphosphotyrosine antibody (upper panel). Equivalent expression of the receptors (second
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panel), ¥Src(third panel), and protein conterttottom panel) were verified byastern blotting of Wwole cell
lysates(WCL) with mAbsagainst GFP, a&rc, or tubulin, respectivelyB) 293 cells were transfected with
CEACAMA4-GFP with or without ¥Src as in (A). Lysates containingGEACAM4 or CEACAM4 were
prepared and used to probe protein domain micagarencompassing the indicated SH2 domains spotted in
the form of GST fusion proteins. pCEACAMAFP or CEACAMA4GFP bound to individual spots were
detected by amGFP antibodies and quantified. Extent of pCEACANIAding versus CEACAMbinding

was calculad and the values were normalized to the amount of immobilized-SE&T domains at
individual spots as detected by a monoclonal -&8T antibody. Bars represent the mean * standard
deviations of four determinationéC) Lysates as in (B) were employed ir§Gpull-down assays with the
indicated SH2 domains fused to GST or with GST alone. Precipitates were probed with a monoclonal anti
GFP antibody for the presence of CEACAM4 (upper panel). Equal amounts of th&u€8&T proteins used

in the pull down were erified by Coomassie staining of the membrane (lower pa(@))Peptide spot
membranes harboring synthetic -aer peptides surrounding the indicated tyrosine residues of the
CEACAM4 cytoplasmic domain in the yphosphorylated (Y) or the tyrosiphosphoriated (pY) form
were probed with GSPI3K-N-SH2, GSTPI3K-C-SH2, GSFcYesSH2, GSTNck2-SH2, or GSTonly.
Bound GSTfusion proteins were detected with monoclonal -&®%T antibody.(E) Spot membranes
harboring the indicated Lmer peptides derived from tl&EACAM3 cytoplasmic domain were probed with
GST or GSTcYesSH2 as in (D).

It will be interesting to evaluate in the future, which signaling connections are shared
between CEACAM3, CEACAM4, and potentially Dectin and which are not. For

example, CEACAM3has the peculiarity to directly associate with Vav, a guanine
nucleotide exchange factor for the small GTPase (Sabmitter et al., 200JaVia this

direct link to Vav, CEACAMS3 has a pronounced effect on cellular-8&P levels in

response to bacterial bindiri§chmitter et al., 2004 The direct association of Vav with

the phosphorylated receptor might also explain, why CEACAMNtated phagocytosis is

i ndependent of p hos pha t(Budry btialn @804 whiochlis aB 6 ki na
essential element in phagocytosis WeoRs (Araki et al., 1996 Indik et al., 1995

Therefore, it remains to be seen, if and how CEACAM4 is connected to addoédiodar

components known to mediate signaling downstream of CEACAMS3.

1 The CEACAM4 ITAM recruits specific SH2-domain containing proteins upon

bacterial engagement
Our biochemical analysis demonstrated association of various SH2 domains with the
phosphorylated cytoplasmic domain of CEACANMWYvitro. To analyze if this interaction
also occurs in the context of the intact cell and if it can occur upon bacterialdigatioe
receptor, 293 cells were transfected with CEACAMGHEP together with different SH2
domains fused to the rdlliorescent protein mKate or with mKate alone. Two days later,
the transfected cells were infected with PacificBligeled Opgea proteinexpressing
N.gonorrhoeaeand the bacteritriggered clustering of the receptor and the potential

recruitment of the SH2 domains was monitored by confocal microsclegarly, no
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recruitment of mKate alone was observed, when bacteria edghg chimeriaeceptor
(Figure 5.4A). Similarly and in line with the results obtained by G@Ill-down assays,

the Slp76SH2 domain was also not recruited to the subcelktdatad sites between the
bacteria and CEACAMS3/{Figure 5.4A). In striking contrast, a strong local enrichment of

the YesSH2 domain, the PIBKR3 amirterminal SH2 domain, and the Nck2 SH2 domain
was observed at the sites, where gonococdocalized with the receptdiFigure 5.4A).

These resultsiot only demonstrated that CEACAMNding bacteria are able to locally
cluster the chimeric receptor, but the clear subcellular recruitment of selected SH2 domains
also suggestethat the clustered receptor is tyrosine phosphorylated and interacts with
specific SH2 domains in intact cells.

1 Src family kinases mediate phosphorylation of the CEACAM4 ITAM, which is
required for phagocytosis
To further investigate, if tyrosine phosphorylation and the recruitment of particular
enzymesareof functional relevance for a potential CEACANMdediated phagocytosis, we
first analyzed the phosphorylation of the CEACAM3/4 chimeraesponse to bacterial
engagement. Therefore, we infatteells expressing CEACAMGFP or CEACAM3/4
GFP for 60 min with Opaga proteinexpressingN. gonorrhoeaeor left the cells
uninfected. Upon immmoprecipitation with amiGFP antibodies, we observed tyrosine
phosphorylation of both proteins in response to infection wEACAM-binding bacteria
(Figure 5.4B). Additionally, probing of the gcipitates with amtCEACAM antibodies
confirmed that similar amounts of the receptors were precipitated from uethfaod
infected cells(Figure 5.4B). Togetherthese results provide evidence thia¢ ITAM of
CEACAM4 can become tyrosine phosphorylated upacterial engagement anhlistering
of the receptor. Bixt, we focused on Src family PTKs, which have been shown to be
critical downstream signaling elements GEACAM3-mediated uptak€Hauck et al.,
1998 McCaw et al., 2004Schmitter et al., 2007tand appkedthe Src PTK inhibitor PP2
duringin vitro infection with N. gonorrhoeaeln line with the known role of Src family
PTKs, the pharmacological inhibiteeverely reduced uptake of Qpaproteinexpressing
gonococci by CEEAM3-expressing 293 cell@igure 5.4C). In a similar manner, PP2
treatment strongly impaired bacterial internalizatieanthe CEACAM3/4 chimeréFigure
5.4C). These results demonstrate that Src family PT$ only associate with the
cytoplasmic domain of phosphorylated CEACAMA4, bte offunctional relevancéor the
opsoninindependent uptakewhich can beriggeredby the CEACAM4 ITAM sequence.
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Figure 5.4 The CEACAM4 cytoplasmic domain is phosphorylated following bacterial engagement,
recruits SH2 domains, and requires Src kinaseactivity for phagocytosis.(A) 293 cells were co
transfected with CEACAM3MGFP together with plasmids encoding mKate or the mitadged SH2
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