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Summary 

The innate immune system provides an immediate response to infection which can be 

activated via different recognition molecules allowing specialized immune cells to 

recognize but also to phagocytose and eliminate a wide range of microbes. Human 

granulocytes express a peculiar receptor, the carcinoembryonic antigen-related cell 

adhesion molecule 3 (CEACAM3). This membrane protein is responsible for initiating the 

opsonin-independent recognition, phagocytosis and killing of a limited set of human-

specific gram-negative bacteria. CEACAM3 harbors a hemi-immunoreceptor tyrosine-

based activation motif (Hem-ITAM) which after phosphorylation by Src family Kinases 

serves as a docking site for SH2-domain containing proteins. This study provides the first 

evidence of a specific role of Tec kinase in the host innate immune response of neutrophils 

against bacterial infection. Upon phosphorylation of the Hem-ITAM of CEACAM3, the 

SH2 domain of Tec kinase directly binds to the phosphorylated Hem-ITAM and gets 

recruited to the site of bacterial phagocytosis. Functional experiments showed that Tec 

kinase is essential and maximizes Hem-ITAM signaling for efficient CEACAM3-mediated 

bacterial uptake and actin reorganization as well as contributing in the clearance of 

CEACAM-binding bacteria such as Neisseria gonorrhoeae. 

To this day, the study of the granulocyte CEACAM3 has been limited due to the lack of a 

suitable in vivo standard model such as the mouse. To investigate the in vivo role of this 

innate immune receptor in controlling infection and to shed light on the CEACAM3 

signaling, we generated a humanized transgenic mouse model of CEACAM3 fluorescently 

mKate-tagged. Although the human transgene resulted in a successful germ line 

transmission to the first generation, our results demonstrated that the integration of 

CEACAM3 into the mouse genome resulted in a non-functional transgene. Strikingly, 

protein expression of CEACAM3 or the mKate-reporter 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 transgene cassette at a silent locus, 

allowing it to survive by repressing transcription of CEACAM3. To circumvent a possible 

lethality of this gene, we recommend the generation of a conditional and inducible 

humanized CEACAM3 mouse for future investigations. 
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In contrast to CEACAM3, the function of a closely related protein, CEACAM4, is 

currently unknown. CEACAM4 is the orphan receptor of the CEACAM family and 

particularly, as CEACAM3, it encompasses an ITAM-like sequence in the cytoplasmic 

domain. By generating chimeric proteins containing the extracellular binding domain of 

CEACAM3 fused to the transmembrane and cytoplasmic part of CEACAM4 (chimera 

CEACAM3/4), we could overcome the lack of a ligand. Interestingly, the intracellular 

motif of CEACAM4 was able to trigger 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 CEACAM4 were associated with SH2 domain of 

cytoplasmic proteins involved in signaling processes during phagocytosis. Here we 

demonstrated that this orphan receptor has phagocytic function which prompts efforts to 

identify potential ligands.  

The investigation of CEACAM4 has been neglected mainly due to the lack of a bona fide 

ligand, therefore, we aimed to screen for a commensal bacterial ligand of CEACAM4 

within the human gut microbiota. Human stool samples were used to enrich CEACAM4-

binding bacteria by an anti-GFP magnetic bead-isolation, using GFP soluble fusion 

proteins of the N-terminal domain of CEACAM4. After 16S rRNA gene sequencing of 

associated bacteria, data were analysed by cluster analysis of sequences (CLANS) and the 

SILVA database. Bioinformatic analyses revealed species of Prevotella, Clostridiales and 

Selenomonadales as potential CEACAM4-binding bacteria. Unexpectedly, bacterial pull-

downs could not confirm binding of the commensal bacteria to CEACAM4. In addition, 

we discuss possible improvements of the used setup. 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 efforts in the search for a ligand of the orphan 

receptor CEACAM4. 
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Zusammenfassung 

Das angeborene Immunsystem stellt eine unmitelbare Abwehrreaktion auf Infektionen dar 

und wird durch die Aktivierung von Rezeptormolekülen auf spezialisierten immunzellen 

induziert. Dies führt sowohl zur Erkennung als auch zur Phagozytose und schlussendlicher 

Eliminierung eingedrungener Pathogene und Mikroben. Ein Mitglied aus der Familie der 

Carcinoembryonic antigen-related cell adhesion molecules (CEACAMs), CEACAM 3, 

wird ausschließlich von humanen Granulozyten exprimiert. CEACAM3 ist ein 

transmembraner, phagozytischer Rezeptor, der für die Opsonin-unabhängigen Erkennung, 

Internalisierung und Tötung von CEACAM-bindenden, gramnegativen Bakterien 

verantwortlich ist. Auf der cytoplasmatischen Seite besitzt CEACAM3 ein Hem-ITAM 

(hemi-Immunrezeptor Tyrosin-basiertes Aktivierungsmotiv), das nach Phosphorylierung 

durch eine Kinase der Src Familie eine Bindestelle für SH2-Domänen Proteine darstellt.  

Die vorliegende Studie liefert erste Hinweise für eine Rolle der Tec Kinase in der 

unspezifischen Immunantwort neutrophiler Granulozyten auf bakterielle Infektionen. Die 

Phosphorylierung der Hem-ITAM von CEACAM3 führt zur Rekrutierung der Tec Kinase 

an den Ort der Phagozytose. Anhand funktioneller Experimente konnte gezeigt werden, 

dass Tec die Signaltransduktion durch Hem-ITAM verstärkt und essentiell für die 

CEACAM3 vermittelte Aufnahme von Bakterien und die damit einhergehende 

Reorganisation des Aktin-Zytoskeletts ist. Zudem trägt Tec zur Beseitigung von 

CEACAM-bindenden Bakterien wie Neisseria gonorrhoeae bei. 

Untersuchungen zur funktionellen Relevanz von CEACAM3 auf Granulozyten war bis 

zum heutigen Tag nur sehr eingeschränkt möglich, da ein geeignetes in vivo Modell nicht 

existiert. Um zu klären, welche Rolle CEACAM3 in vivo bei der Kontrolle einer Infektion 

mit humanspezifischen Pathogenen spielt und um die CEACAM3 abhängige 

Signaltransduktion besser zu verstehen, generierten wir ein humanisiertes, transgenes 

Mausmodell mit dem Ziel, fluoreszenz-markiertes CEACAM3 (mKate-CEACAM3) in 

Mäusen zu exprimieren. Obwohl das transgene CEACAM3 erfolgreich in die Keimbahn 

der ersten Generation integriert wurde, konnte weder auf mRNA- noch auf Proteinlevel 

eine Expression von CEACAM3 oder des Fluoreszenzmarkers mKate detektiert werden. 

Anhand der Datenlage ist anzunehmen, dass die Insertierung der transgenen Kassette in 

das Wirtsgenom des einzig überlebenden Gründungstiers in einem stummen Genlocus 
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erfolgte, wodurch die Transkription von CEACAM3 verhindert wurde. Um eine mögliche 

Letalität, hervorgerufen durch die Expression von CEACAM3, zukünftig zu umgehen, 

empfehlen wir die Erzeugung eines konditional induzierbaren humanisierten CEACAM3 

Mausmodells. 

Im Gegensatz zu CEACAM3 ist die Funktion des eng verwandten Proteins CEACAM4 

völlig unbekannt. CEACAM4 ist der Orphan-Rezeptor der CEACAM Familie und besitzt 

wie CEACAM3 eine ITAM-ähnliche Sequenz, was ein Alleinstellungsmerkmal dieser 

beiden CEACAMs in der CEACAM-Familie darstellt. Aufgrund des Mangels eines 

bekannten Liganden für CEACAM4 generierten wir chimäre Proteine, bei denen die 

extrazelluläre Bakterien-bindende Domäne von CEACAM3 an den transmembranen und 

zytoplasmatischen Teil von CEACAM4 fusioniert ist (CEACAM3/4). Interessanterweise 

war bei unseren Versuchen der intrazelluläre Teil von CEACAM4 in der Lage, die 

Aufnahme gebundener Bakterien auszulösen. Die Phagozytose von Bakterien ging einher 

mit der Tyrosinphosphorylierung von CEACAM4 in Abhängigkeit von der Integrität der 

zytoplasmatischen ITAM-Sequenz. Nach Phosphorylierung der Tyrosinreste durch eine 

Src-Kinase konnten SH2-Domänenproteine, die an der Signaltransduktion während der 

Phagozytose beteiligt sind, an die ITAM Sequenz binden. Wir konnten somit zeigen, dass 

dieser Orphan-Rezeptor eine phagozytische Funktion aufweist, was die Notwendigkeit 

potentieller Liganden weiter erhöht. 

Untersuchungen zur Relevanz von CEACAM4 wurden bisher vernachlässigt, weil kein 

geeigneter Ligand bekannt war, um die Funktionsweise von CEACAM4 zu analysieren. 

Dies veranlasste uns, nach einem bakteriellen CEACAM4-Liganden innerhalb 

menschlicher Darmmikrobiota zu suchen. Dazu wurden Bakterien aus Stuhlproben mit 

GFP-gekoppeltem CEACAM4 inkubiert und anschließend mittels anti-GFP magnetic bead 

Isolierung aufkonzentriert. Nach der 16S rRNA Gensequenzierung von assozierten 

Bakterien wurden die ĂCluster Analysis of Sequencesñ (CLANS) mit Hilfe der SILVA 

Datenbank durchgeführt. Die bioinformatischen Analysen identifizierten die Spezies 

Prevotella, Clostridiales und Selenomonadales als potentielle CEACAM4 bindende 

Bakterien, was in nachfolgenden Pull-down-Experimenten jedoch nicht bestätigt werden 

konnte. Daher diskutieren wir mögliche Verbesserungen des angewendeten 

Versuchsaufbaus zur Identifizierung von Liganden des Orphan-Rezeptors CEACAM4. Es 

sollte in Betracht gezogen werden, dass ein anderer Typ von Mikroorganismus wie z.B. 

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

This section will provide an overall view of the natural immune response to infection and 

an update on the human carcinoembryonic antigen-related cell adhesion molecules 

(CEACAM) family. Readers with basic knowledge in immunology and specially familiar 

with the innate immune system may prefer to skip directly to the introductory section 1.2 

which introduces the CEACAM family and family members specifically expressed in the 

granulocyte lineages, such as CEACAM3 and CEACAM4, which are the focus of the 

present study. 

1.1 Innate (natural) Immunity  

Microbes form most of the biomass in the world (Whitman et al., 1998). Thus, since our 

birth we are daily exposed to millions of microorganisms co-existing on this planet. 

However, they do not only live in our environment, but also, they 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 great number of symbiotic bacteria; a human adult body for instance contains at 

least ten times more microbial than human cells (Ley et al., 2006). Normally, microbes live 

in a symbiotic relationship with their hosts and only a fraction of microbes are harmful or 

virulent and can cause disease, therefore, they are referred to as ópathogensô (Casadevall 

and Pirofski, 2014).  

Humans are continuously exposed to potential pathogens through contact, ingestion or 

inhalation, so the innate (natural) immunity is the first defense that the body has against the 

outside world. The immune system consists of cells, tissues and molecules protecting the 

body from different pathogenic microbes and toxins from our environment. Innate immune 

responses have been found among both vertebrates, invertebrates, as well as in plants. In 

contrast, the acquired (adaptive) immune system arose in evolution less than 500 million 

years ago and is restricted to vertebrates (Litman et al., 2005). Innate immune responses in 

vertebrates are indispensable to activate adaptive immune responses. Innate immunity is 

the first line of defense against invading pathogens and, unlike the acquired immunity, 

protects us from infection during the first critical hours of exposure to a new antigen, while 

the adaptive immune response is more complex and slow, requiring few days after 
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infection to develop an antigen-specific immune response, which provide us with an 

ongoing protection against future pathogens (Figure 1.1). Thus, acquired immunity after 

an initial response to a specific pathogen provides a long-lasting protection ómemoryô that 

makes future responses against a specific antigen more efficient. The innate and the 

acquired immune responses interplay and cooperate to eliminate pathogens. In this way, 

the ability to avoid infection relies on our immune system which triggers different 

mechanisms depending on how fast and for how long it responds to pathogens, its central 

effector cell types and its specificity for different classes of microbes (Alberts et al., 2002; 

Dranoff, 2004).  

 

Figure 1.1 The immune system: key mechanism of defense against infection. All cells of the immune 

system have their origin in the bone marrow. The myeloid progenitor (stem) cell in the bone marrow gives 

rise to erythrocytes, platelets, neutrophils, monocytes/macrophages and dendritic cells; whereas the lymphoid 

progenitor (stem) cell gives rise to the Natural killer cells, T cells and B cells. The innate immune response 

functions as the first line of defense against infection. It consists of soluble factors (such as complement 

proteins), and diverse cellular components including granulocytes (basophils, eosinophils and neutrophils), 

mast cells, macrophages, dendritic cells and natural killer cells. The adaptive immune response is slower to 

develop but manifests as increased antigenic specificity and memory. It consists of antibodies, B cells, and 

CD4
+
 and CD8

+
 T lymphocytes. Natural killer T cells and ɔŭ T cells are cytotoxic lymphocytes that bestride 

the interface of innate and adaptive immunity. For T cell development the precursor T cells must migrate to 

the thymus where they undergo differentiation into two distinct types of T cells: the CD4
+
 T helper cell and 

the CD8
+
 pre-cytotoxic T cell. Two types of T helper cells are produced in the thymus, the TH1 cells, which 

help the CD8
+
 pre-cytotoxic cells to differentiate into cytotoxic T cells, and TH2 cells, which help B cells to 

differentiate into antibody-secreting plasma cells. (Dranoff, 2004). 
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The immune system is the bodyôs key mechanism of defense against infection, but also, 

since the immune system can easily damage cells during inflammation (as a response to 

invading organisms), is important that the body regulates the immune response to only 

harmful agents (Dzik, 2010). Disorders of the immune system could lead to attack 

harmless substances as in allergic reactions (e.g. dust and pollen), autoimmune diseases 

(when the response is directed toward self-tissues) or even cancer (Coussens and Werb, 

2001; Dranoff, 2004; Miller et al., 2012; O'Byrne and Dalgleish, 2001). Thus, the main 

function of the immune system is self/non-self discrimination. This ability is necessary to 

protect the organism from pathogenic invaders and to get rid of modified or altered cells 

(e.g. malignant cells). In this line, considering that the immune system in most cases is able 

to eliminate the infection in an early stage, infections do not necessarily result in diseases 

(Casadevall and Pirofski, 2014; Mayer, 2006).  

1.1.1 Host defense against infection 

Cellular and humoral components are specific barriers of the immune (innate and acquired) 

system as protective mechanisms against infection. But additionally, the innate immune 

system also relies on anatomical features. Although these two immune responses cover 

distinct functions, there is interplay of components and they complement each other 

(Mayer, 2006). 

¶ Anatomical barriers  

The anatomical barriers are the immediate physical obstacles of the pathogenic invaders 

and they are very effective in preventing colonization of tissues by pathogens. These 

barriers consist of mechanical, chemical and biological factors. 

Mechanical Factors: Mechanical anatomical barriers include epithelial barriers such as the 

skin as the first impermeable barrier to infection, followed by mucous membranes which 

line the bodyôs cavities including the nose, mouth and the gastrointestinal tract. The scull 

and thoracic cage also provide protection to the internal organs from exposure to 

pathogens. Ciliary movements help to keep the gastrointestinal tract free of 

microorganisms as well as the flushing action of tears and saliva protects eyes and mouth 

from infection (Boyton and Openshaw, 2002; Coussens and Werb, 2001; Mayer, 2006). 
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Chemical Factors: Fatty acids, low molecular weight anti-microbial 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 secretions can breakdown bacterial 

membranes. Antimicrobial activity is possessed by defensins (host defense peptides) 

present in the lung and gastrointestinal tract. In addition, surfactants in the lung can act as 

opsonins (substances promoting uptake of particles by phagocytic cells) (Hankiewicz and 

Swierczek, 1974; Mayer, 2006; Moreau et al., 2001). 

Biological factors: The microbiota of the skin or in the gastrointestinal tract play an 

important role to prevent colonization of pathogenic microorganisms by releasing toxic 

secretions or by competing with pathogens for nutrients or attachment to cell surfaces (Cho 

and Blaser, 2012; Gerritsen et al., 2011; Gorbach, 1990; Mayer, 2006; Salminen et al., 

2005).  

¶ Humoral barriers  

Infection may occur once pathogens have penetrated tissues and the anatomical barriers are 

breached. In this moment, another innate defense mechanism comes into play namely 

acute inflammation (fast protective innate immune response that involves, blood vessels, 

molecular mediators and leukocyte recruitment to the infected tissue), which help to 

eliminate the initial cause of cell injury (microbial clearance), clear out necrotic cells and 

damaged tissues. In addition, a longer process of tissue repair (chronic inflammation) is 

also initiated (Ferencik and Stvrtinova, 1996; Mayer, 2006; Miyake and Kaisho, 2014). 

Humoral factors play a key role in inflammation. These humoral factors are found in serum 

or they are formed at the site of infection. This innate immune response is characterized by 

an abnormal accumulation of fluid beneath the skin or in the cavities of the body (edema) 

and the recruitment of phagocytic cells at sites of infection (Ferencik et al., 2007; Mayer, 

2006). 

Complement system: It is the major humoral innate defense mechanism and, as 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 normally circulating as inactive 

precursors (pro-proteins). Plasma and membrane bound proteins of the complemented 

system include serum proteins, serosal proteins, and cell membrane receptors (Muller-

Eberhard, 1988). The complement system can be activated by three pathways: The 
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classical (antigen-antibody reaction ïadaptive response), the alternative (triggered by the 

fragment C3b) and the lectin pathway (triggered by Mannose Binding Lectin 

microorganism -MBL). The alternative and lectin pathways are part of the first line of 

defense in the innate immune response. The main functions of complement system are 

opsonization (enhancing phagocytosis of antigens), chemotaxis (attracting macrophages 

and neutrophils), cell lysis (rupturing membranes of foreign cells) and agglutination 

(clustering and binding of pathogens) (Dzik, 2010; Janeway et al., 2001; Rutkowski et al., 

2010).  

Coagulation system: The coagulation system is activated or not depending on tissue injury 

severity. Products of the coagulation system can contribute to the innate immune defense 

by increasing vascular permeability (acting as chemotactic agents for phagocytic cells) or 

because of their antimicrobial effect (Furie and Furie, 2007; Mayer, 2006).  

Other humoral factors like lactoferrin, transferrin, interferons, lysozyme and Interleukin-1, 

either limit the replication or help in the clearance of microbial cells (Dussurget et al., 

2014; Ganz et al., 2003; Schultz et al., 2002; Skaar, 2010; Vareille et al., 2011). 

¶ Cellular barriers  

The innate immune system as the first line of defense against invading pathogens 

comprises a particular set of cells prompt to be mobilized and battle microbes at the site of 

infection. The main line of defense in the innate immune system is the white blood cells 

(leukocytes) consisting of granulocytes (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 inflammatory response. 

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 the regulation 

of phagocytic cells activation (Alberts et al., 2002).  

Granulocytes: These cells are characterized by the presence of granules in their cytoplasm. 

They are also called polymorphonuclear leukocytes (PMN) because of the varying shapes 

of the nucleus but often PMNs refer specifically to neutrophil granulocytes. Neutrophils 

are the most abundant granulocytes, followed by eosinophils, basophils, and mast cells. 

Granulocytes have a common myeloid progenitor (granulocyte precursor) in the bone 
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barrow during differentiation of blood cells (haematopoiesis). PMNs circulate in the 

bloodstream and must be signaled to leave the bloodstream and enter tissues, playing an 

important role during acute inflammation (Ley et al., 2007; Petri et al., 2008). 

Granulocytes are recruited to the site of infection. Activation of these phagocytic cells 

results from microbes per se, from complement proteins, or from damaged tissue 

(chemotaxis). Invading organism are recognized and phagocytosed by neutrophils and 

eosinophils (specifically parasites), whereas basophils and mast cells contain abundant 

histamine, and other substances which contribute to the inflammatory response that helps 

fight invading organisms (Akuthota et al., 2008; Borregaard and Cowland, 1997; Hickey 

and Kubes, 2009; Stvrtinova et al., 2001). 

Macrophages: In the myeloid lineage, monocytes (which differentiate into macrophages) 

together with lymphocytes constitute the mononuclear agranulocytes of the white blood 

cells. Macrophages represent a multi-functional cell type in innate immunity. Tissue 

macrophages and newly recruited monocytes contribute to bacterial clearance by 

recognition, phagocytosis and killing. Beyond their crucial role in the innate defense, they 

also are important to initiate specific (acquired or adaptive) defense mechanisms by acting 

as antigen-presenting cells, which are required for the induction of specific immune 

responses (Moldovan and Moldovan, 2005; North, 1970; Pinet et al., 2003). Furthermore, 

as scavengers, they play an important role in acute and chronic inflammation by removing 

dying or dead cells and cellular debris of the body as well as in wound healing (they 

replace PMNs as the predominant cells in the wound and phagocytose damage tissue) 

(Gurtner et al., 2008; Rodero and Khosrotehrani, 2010). 

Natural killer cells: They are effector lymphocytes of the immune system with biological 

functions attributed to both innate and adaptive immunity. These cells as type of cytotoxic 

lymphocytes are critical to the innate immune system in viral infection and tumor 

development. NK cells are not part of the inflammatory response but important for 

cytolytic granule mediated cell apoptosis, antibody-dependent cell-mediated cytotoxicity, 

cytokine activation, tumor cell surveillance among other functions (Arina et al., 2007; 

Iannello et al., 2008; Lodoen and Lanier, 2005; Terunuma et al., 2008; Vivier et al., 2011). 

Denditric cells: The name of these cells refers to the branched projection ódendritesô of 

their cell body. Their main function is to induce either immune tolerance or lymphocyte 

activation minimizing as well autoimmune reactions. They capture and process 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 systems (Banchereau and 

Steinman, 1998; McKenna et al., 2005). 

1.1.2 Response of phagocytic cells to infection 

Granulocytic neutrophils and macrophages are professional phagocytes which play a 

critical role in host defense to infection for an effective ingestion and killing of 

microorganisms. They require a sequential and integrated function of elements of the 

phagocytic system, but also, they are equipped with a vast arsenal of intracellular 

microbicidal mechanisms which provide an overkill capacity and allow them to face the 

many and varied microbial invaders. Phagocytic cells target microorganisms for 

phagocytosis and produce a combination of degradative enzymes, antimicrobial peptides, 

and reactive oxygen species to kill the invading microorganisms. In addition, they 

contribute in the activation of the inflammatory response and subsequently cooperate to 

onset of the adaptive immune system (Flannagan et al., 2009). 

¶ Phagocytosis 

In the innate immune system, phagocytosis is a major mechanism used to eliminate 

pathogens and cell debris. The theory of phagocytosis started with Osler and later 

Metchnikoff who coined the term, phagocyte, from the Greek words, óphagesô, meaning óto 

eatô, and óciteô, meaning ócellô (Ambrose, 2006; Tan and Dee, 2009). Phagocytosis is a 

specific form of endocytosis involving the vascular internalization of solids particles (size 

more than 0.5 ɛm) such as bacteria, and it is a receptor-mediated, actin-driven process 

(Groves et al., 2008). This process requires a substantial membrane remodeling, facilitated 

by the actin-myosin contractile system activated by the Rho family of GTPases. The 

phagosome (vesicle formed around) of ingested particles is then fused with the lysosome 

(vesicle containing hydrolytic enzymes), forming a phagolysosome and leading to 

degradation. During phagosome maturation, changes in both the membrane and the 

contents are brought about by vesicular trafficking coordinated by a family of molecular 

switches, the Rab GTPases. (Flannagan et al., 2012; Jutras and Desjardins, 2005).  

Phagocytosis in mammalian immune cells is activated by different pathways mediated by 

specific cell surface receptors. Phagocytic cells express a wide range of receptors able to 

recognize particular sets of microorganisms. Presumably due to evolutionary pressure, 

ligands for phagocytic receptors became very specific (Groves et al., 2008); apart from 
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receptors of apoptotic bodies which are activated by chemoattractants substances or 

apoptotic signals of dying cells (Brown et al., 2002; Martin et al., 1995; Michlewska et al., 

2007). Phagocytosis is mediated by specific surface receptors that bind directly or 

indirectly, through opsonins. For instance, receptors can bind directly to specific structures 

on pathogenic surfaces so called ópathogen-associated molecular patternsô (PAMPs). This 

type of receptor mainly include Toll-like receptors (TLR) (Hayashi et al., 2003; Hirayama 

et al., 2011; Negrini Tde et al., 2013; Shen et al., 2010; Zou and Shankar, 2015), but also 

some phagocytic receptors like the C-type lectin Dectin-1 (recognizing a variety of beta-

glucans or polysaccharides present on the surface of some yeast cells)(Kennedy et al., 

2007), the mannose receptor (Ezekowitz et al., 1990), the scavenger receptor A 

(recognition of lipopolysaccharides (LPS) displayed by gram-negative bacteria) (Peiser et 

al., 2000), Siglecs (binding to sialic acid) (Chang and Nizet, 2014), or recently, the 

carcinoembryonic antigen-related cell adhesion molecules (CEACAMs), another germ-line 

encoded receptors tailored toward particular subsets of host-associated pathogens 

(Kuespert et al., 2006) (Figure 1.2). On the other hand, opsonic receptors recognized 

microbes coated by opsonins which act as attachment sites and aid phagocytosis of 

pathogens mediated by either receptors to the Fc (fragment crystallizable) portion of 

immunoglobulin G (IgG) or receptors that bind complement component iC3b (Anderson et 

al., 1990; Ross et al., 1992). 

 

Figure 1.2 CEACAM3 -mediated, opsonin-independent phagocytosis by human granulocytes. Isolated 

human PMNs were infected with Neisseria gonorrhoeae expressing a CEACAM3-binding Opa protein and 

processed for scanning electron microscopy. Shown is a pseudocolored image of a human neutrophil (blue) 

in the process of opsonin-independent phagocytosis of multiple gonococci (orange) via large lamellipodial 

protrusions (indicated with arrowheads). 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 CEACAM3-mediated 

phagocytosis of N. gonorrhoeae (Buntru et al., 2012). 



General Introduction 

23 

 

¶ Intracellular  killing  

During phagocytosis an increase in glucose and oxygen consumption occur named 

respiratory or oxidative burst. The killing response by phagocytes can be consequence of 

the oxidative burst (oxygen-dependent intracellular killing) or in addition, bacteria can be 

killed by pre-formed substances released from granules or lysosomes when they fuse with 

the phagosome (oxygen-independent intracellular killing) (Mayer, 2006). 

Oxidative burst: The oxidative burst plays an important role in the immune system as 

crucial reaction that occurs in phagocytes to destroy internalized bacteria. This killing 

process is characterized by the fast release of reactive oxygen species (ROS): superoxide 

anion radical (O
ī

2) and hydrogen peroxide (H2O2). The nicotinamide adenine dinucleotide 

phosphate hydrogen (NADPH) oxidase is responsible for the production of ROS in the 

phagosome and it is formed during phagocytosis after glucose is metabolized via the 

pentose monophosphate. In phagocytic cells, the NOX2 isoform of the NADPH oxidase is 

a multimeric protein complex that assembles in response to proinflammatory stimuli to 

mediate the production of O
ī

2 by transferring electrons from nicotinamide adenine 

dinucleotide phosphate (NADP
+
) to molecular oxygen. Upon activation, the cytosolic 

components assemble together with the small GTPases Rac1 and Rac2 and associate with 

the flavocytochrome b558 to transport electrons across the limiting membrane of the 

phagosome to form O
ī

2 (itself is a cytotoxic species), but it can also form highly reactive 

H2O2. H2O2 can lead to the generation of toxic hydroxyl radicals (OH
ī
) when directly 

reacting with phagosomal contents (Flannagan et al., 2012). Additionally, the 

myeloperoxidase (MPO) is released into the phagolysosome when the primary 

(azurophilic) granules fuse with the phagosome, and it utilizes H2O2 to convert chloride 

ions (Cl
ī
) into deadly hypochlorous acid (HClO) to combat infections (Winterbourn, 

2008). Neutrophils and macrophages also elicit detoxification reactions to protect 

themselves from the toxic oxygen intermediates by dismutation of O
ī

2 to H2O2 (reaction 

catalyzed by superoxide dismutase) and the conversion of H2O2 to water (H2O) by catalase 

(Mayer, 2006). 

Antibacterial proteins: Phagocytes can kill either intra- or extracellular pathogens by 

releasing from the neutrophil granules into phagosomes or the extracellular milieu, 

respectively. They rely on oxygenïindependent killing mechanisms such as cathepsins 

(degrade specific polypeptides), defensins (forming pore-like membrane defects that allow 

https://en.wikipedia.org/wiki/Immune_system
https://en.wikipedia.org/wiki/Phagocyte
https://en.wikipedia.org/wiki/Bacteria
https://en.wikipedia.org/wiki/Hydrogen_peroxide
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efflux of essential ions and nutrients), lysozyme (splits mucopeptide in bacterial cell wall); 

lactoferrin (affect bacterial membrane permeability) or hydrolytic enzymes (break down 

bacterial proteins) (Borregaard, 2010; Hager et al., 2010; Kolaczkowska and Kubes, 2013; 

Mayer, 2006). 

Beside the NADPH oxygenase-dependent mechanisms (ROS) or antibacterial proteins, 

highly activated neutrophils can eliminate extracellular pathogens by releasing genomic 

DNA which is enmeshed with antimicrobial proteins, namely neutrophil extracellular traps 

(NETs), to immobilize and subsequently phagocytose trapped microorganisms (Brinkmann 

et al., 2004; Halverson et al., 2015; Kolaczkowska and Kubes, 2013; Papayannopoulos and 

Zychlinsky, 2009). 

1.2 Human CEACAM family  

In humans the carcinoembryonic antigen-related cell adhesion molecules (CEACAM) 

together with the pregnancy-specific glycoproteins (PSG) form the carcinoembryonic 

antigen (CEA) multigene family, subgroup of the immunoglobulin superfamily. CEA 

(CEACAM5) and related genes are encoded in the human chromosomal 19 (Beauchemin 

et al., 1999; Zid and Drouin, 2013). The CEACAMs comprise 12 protein-encoding genes: 

CEACAM1, CEACAM3-CEACAM8, CEACAM16, and CEACAM18-2, which are found 

mostly expressed in epithelial, endothelial or immune cells. However, the recently 

discovered genes (CEACAM16, CEACAM18-21) show a distinctive expression pattern 

compared to the rest of the family members (Kammerer et al., 2012; Zebhauser et al., 

2005). All CEACAMs are highly glycosylated and characterized by an N-terminal 

immunoglobulin variable (IgV)-like domain followed by a varied number (from zero up to 

six) of immunoglobulin constant (IgC)-like domains. They are attached to the membrane 

either by a transmembrane domain or by a glycosylphosphatidylinositol (GPI) anchor 

(Thompson et al., 1991). Particularly, while the cytoplasmic domain of CEACAM1 bears 

an immunoreceptor tyrosine-based inhibitory motif (ITIM) -like sequence, the cytoplasmic 

tail of CEACAM3 and CEACAM4 encompass an immunoreceptor tyrosine-based 

activation motif (ITAM) -like sequence (Chen et al., 2001a; Chen et al., 2001b) (Figure 

1.3).  

These glycoproteins are expressed on the apical side of cells and through the N-terminal 

IgV-like domain can mediate cellïcell adhesion of neighboring cells via hemophilic or 

heterophilic CEACAM-interactions as well as modulate signal transduction. CEACAM1, 
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CEACAM6, and CEACAM5 can exhibit homotypic and heterotypic adhesion, while 

CEACAM8 has been shown to exhibit only heterotypic adhesion with CEACAM6 (Gray-

Owen and Blumberg, 2006; Kuespert et al., 2006; Obrink, 1997; Oikawa et al., 1989; 

Skubitz and Skubitz, 2008; Zheng et al., 2011). 

 

 

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 alternative splice 

variants can be found at http://cea.klinikum.uni-muenchen.de/. Species abbreviations: c, cow; d, dog; e, 

elephant; h, human; m, mouse; o, opossum; r, rat (Kuespert et al., 2006). 

CEACAM family members have a wide range of functions and have been shown to play 

important roles in the regulation of immune responses, angiogenesis, the differentiation of 

mammary glands, insulin signaling turnover, tumorigenesis, and metastasis (Chevinsky, 

1991; Gray-Owen and Blumberg, 2006; Horst et al., 2006; Huang et al., 1999; Kuespert et 

al., 2006; Leung et al., 2006; Poy et al., 2002; Schmitter et al., 2004; Sintsova et al., 2014; 

Yokoyama et al., 2007). CEACAMs are also known as tumor-related proteins and even 
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used as tumor markers (Beauchemin and Arabzadeh, 2013; Blumenthal et al., 2007; 

Simeone et al., 2007; Zhou et al., 2011). Interestingly, a recent study analyzed the mRNA 

expression profiles of CEACAM family members in colonic, gastric, pancreatic, lung, 

breast, and thyroid cancer cell lines, demonstrating that CEACAM1, CEACAM5, and 

CEACAM6 were expressed in the majority of carcinoma cells. CEACAM7 exhibited a 

restricted expression and CEACAM3 was detected in only 5 (out of 46) cell lines without 

apparently type-specific expression. CEACAM8 showed to be specifically expressed in 

colonic cancer cell lines (HCA-2 and HCA-46) and a medullary thyroid carcinoma (TT) 

cell line exhibited a unique expression pattern for CEACAM4. However, the presence of 

the indicated CEACAMs in the tested cell lines has to be confirmed at the protein levels 

(Wakabayashi-Nakao et al., 2014). 

1.2.1 Granulocytes CEACAMs 

CEACAM family members can be exploited by a diverse group of human-restricted gram-

negative bacteria including Neisseria gonorrhoeae, Neisseria meningitidis, Haemophilus 

influenzae, Moraxella catarrhalis, as well as some strains of pathogenic Escherichia coli. 

(Barnich et al., 2007; Chen and Gotschlich, 1996; Chen et al., 1997; Gray-Owen et al., 

1997b; 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 CEACAMs (Tchoupa et al., 2014). The recognition of human 

CECAMs also seems to be species-specific and strongly suggests a coevolution of 

microbial adhesins with their host receptor (Kammerer et al., 2007; Kammerer and 

Zimmermann, 2010; Voges et al., 2010). This is in line with genome analyses which 

revealed that human CEACAMs belong to the 139 fastest-evolving human genes, likely 

due to the selective pressure of pathogens (Chang et al., 2013).  

Up to date, four CEACAM family members (CEACAM1, CEACAM3, CEACAM5, and 

CEACAM6) served as receptors of CEACAM-binding pathogens (Kuespert et al., 2006). 

However, the strategy of these human-adapted pathogens to colonize mucosa surfaces by 

binding to epithelial CEACAMs (CEACAM1, CEACAM5, CEACAM6) has as well a 

selective disadvantage to be killed by the innate immune response. The expression of 

CEACAM3 mediates the bactericidal response by granulocytes and, therefore, limits the 

spread of CEACAM-binding pathogens in their human host (Roth et al., 2013). Human 

granulocytes express CEACAM1, CEACAM3, CEACAM4, CEACAM6, and CEACAM8. 
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The granulocyte CEACAMs were discovered as CEA-related proteins in human leukocytes 

(Kuroki et al., 1991; Kuroki et al., 1990). In human neutrophils, CEACAM6 has been 

found associated selectively with the primary (azurophilic) granule-fraction, while 

CEACAM1 and CEACAM8 are restrictedly located in the secondary (specific) granule-

fraction (Ducker and Skubitz, 1992; Kuroki et al., 1995). 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 after phagocytosis, the differential localization of these 

CEACAMs has implied distinct physiological roles (Borregaard et al., 1993). Upregulation 

of CEACAM1, CEACAM8, and CEACAM6 on the neutrophil surface and the heterophilic 

interaction between CEACAM8 and CEACAM6 upon stimulation suggested an interaction 

between primary and secondary granules. This occurs when neutrophils are activated and 

subsequently expose CEACAMs to the membrane which were stored in different 

subcellular compartments (Ducker and Skubitz, 1992; Kuroki et al., 1992; Kuroki et al., 

1995; Oikawa et al., 1991; Tetteroo et al., 1986). While some of these granulocyte 

CEACAMs are also expressed in epithelial cells (such as CEACAM1, CEACAM6), others 

seem to be exclusively expressed by granulocytes. CEACAM3 and CEACAM4 are 

restrictedly express in neutrophils whereas CEACAM8 expression has been found on 

neutrophils and eosinophils (Lasa et al. 2008).  

The different roles of CEACAMs in neutrophil function are complex and due to a multiple 

CEACAM expression, single contributions are not well described. However, ligation of all 

granulocyte CEACAMs, except for CEACAM4, by CD66 monoclonal antibodies (mAbs) 

independently stimulated and transduced signals in neutrophils resulting in a calcium-

dependent activation of CD11/CD18, and an increase in neutrophil adhesion to endothelial 

cells (a crucial step to initiate inflammation) (Skubitz et al., 1996). Furthermore, a 

subsequent study confirmed that the interdependency of CEACAM1, CEACAM3, 

CEACAM6, and CEACAM8 induces human neutrophil adhesion to endothelial cells. 

Indeed, granulocytes CEACAMs form homo- or heterodimers that are able, upon 

activation, to transduce signal ultimately promoting neutrophil adhesion. (Skubitz and 

Skubitz, 2008). In addition, CEACAM3 has been shown as an innate decoy receptor 

responsible for the efficient opsonin-independent phagocytosis and killing of a set of 

human-restricted pathogens, as well as playing an important contribution during acute 

inflammation (Buntru et al., 2012; Sarantis and Gray-Owen, 2011; Schmitter et al., 2004; 

Schmitter et al., 2007a; Sintsova et al., 2014).  
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1.2.2 CEACAM3: Phagocytic Hem-ITAM r eceptor 

CEACAM3 was formerly named CEA gene family member 1 (CGM1) as well as CD66d 

antigen or nonspecific cross-reacting antigen (NCA) W264, W282. Among the CEACAM 

family, CEACAM3 is solely expressed in neutrophils and function as phagocytic receptor 

to initiated opsonin-independent recognition, uptake and clearance of pathogenic 

CEACAM-binding bacteria, including N. gonorrhoeae, M. catarrhalis, and H. influenza 

(Buntru et al., 2012; Schmitter et al., 2004). 

The mechanism of CEACAM3-mediated phagocytosis and elimination of pathogenic 

bacteria have been vastly elucidated over the last decades. The intracellular domain of 

CEACAM3 contains an ITAM -like sequence similar to the consensus sequence 

(YxxL/I(x)7-12YxxL/I) of canonical ITAM -bearing receptors, such as Fc-receptors 

(FcRs), B-cell receptors (BCR) or T-cell receptors (TCR). Key players of these 

immunoreceptors have been the starting point to unravel the CEACAM3-mediated 

signaling. Different studies have shown that the pathway initiated by CEACAM3 involves 

a similar subset of effector molecules as canonical immunoreceptors but also displays a 

different mechanism to drive a more efficient phagocytosis after receptor activation 

(Buntru et al., 2012). Activation of canonical ITAM -bearing receptors and downstream 

associated proteins require the phosphorylation on the tyrosine residues (membrane 

proximal and distal) within the consensus ITAM sequence of the cytoplasmic domain. 

First, kinases of the Src family tyrosine phosphorylate the ITAM -like sequence of the 

receptor. This enables the binding of the Syk kinase which can bind by its SH2 domain to 

the double phosphorylated ITAM (Johnson et al., 1995; Kiefer et al., 1998). Syk activation 

is indispensable for downstream events including the activation of small GTPases of the 

Rho family, such as Rac and Cdc42, which via WASP and WAVE, orchestrate the actin-

cytoskeleton-driven formation of lamellipodial protrusions to form the phagocytic cup 

(Cox et al., 1997; Deckert et al., 1996; Greenberg and Grinstein, 2002; Swanson and 

Hoppe, 2004). Moreover, phosphatidylinositol-3ô (PI3) kinase activity result essential not 

only for bacterial killing but also during opsonin-mediated uptake of particles via the Fcɔ 

receptor (McCaw et al., 2003).  

In contrast, CEACAM3-mediated signaling promotes a Syk-independent shortcut for Rac 

stimulation via a direct association of Vav and others downstream molecules to the 

cytoplasmic domain of CEACAM3, in order to efficiently mediate an opsonin-independent 

phagocytosis and bactericidal mechanisms of granulocytes in response to bacterial 
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infection (Billker et al., 2002; McCaw et al., 2003; Schmitter et al., 2004; Schmitter et al., 

2007a). Upon infection, CEACAM3 is clustered to the site of infection and bacteria are 

able to bind the CEACAM receptor through specific adhesins. CEACAM3 is activated 

after phosphorylation by the Src family kinases Hck and Fgr (Hauck et al., 1998). After 

tyrosine phosphorylation, downstream effector molecules are directly recruited to the 

phosphorylated membrane proximal tyrosine residue (pY230) of the ITAM-like sequence 

via Src homology 2 (SH2) domains. Thus, the phosphorylated ITAM -like sequence of 

CEACAM3 serves as a docking site for SH2-domain containing proteins and additionally 

provides a short wire connecting bacterial recognition and stimulation of the GTPase Rac 

(Schmitter et al., 2004). In this line, the SH2 domain of the guanidine nucleotide exchange 

factor (GEF) Vav directly binds to the pY230 (Schmitter et al., 2007a). At the same time, 

the phosphorylated cytoplasmic domain of CEACAM3 allows recruitment of Nck adaptor 

proteins, which connect CEACAM3 via Nap1 with the WAVE complex promoting f-actin 

nucleation by the Arp2/3 complex (Pils et al., 2012). While Vav activates Rac, the WAVE-

complex is formed and can be activated by Rac to initiate actin-based lamellipodial 

protrusions and rapid engulfment of CEACAM-binding bacteria (Buntru et al., 2012; Pils 

et al., 2012). Furthermore, recruitment and direct association (via SH2-domain) of the class 

I PI3 kinase regulatory p55 subunit to pY230 seem to be dispensable for CEACAM3-

mediated phagocytosis but instrumental to regulate the NADPH oxidase complex 

activation and generation of ROS for an efficient elimination of CEACAM-binding 

bacteria by human granulocytes (Booth et al., 2003; Buntru et al., 2011) (Figure 1.4). 

Interestingly, this scenario shows a different signal transduction compared to canonical 

ITAM -bearing receptors but closely resembles the functional mechanism of the Hem-

ITAM  from the C-type lectin Dectin-1 receptor (Buntru et al., 2012). To this day, 

CEACAM3 signaling is considered to trigger a Hem-ITAM signaling where, similar to 

Dectin 1, a single tyrosine residue (the membrane proximal tyrosine) is sufficient to drive 

signal transduction (Buntru et al., 2012; Fuller et al., 2007; Rogers and Foster, 2009).  
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Figure 1.4 Current model of CEACAM3 H em-ITAM signal transduction.  Upon engagement of 

CEACAM3 by CEACAM-binding bacteria, the ITAM-like sequence in the cytoplasmatic domain of the 

receptor is phosphorylated by Src family kinase on two tyrosine residues (Y230 and Y241). In turn, pY230 

serves as a docking site for several effector proteins. The Rac-GEF 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 phosphotyrosine-dependent manner. Nck constitutively associates via one 

of its SH3 domains with Nap1, an integral component of the WAVE complex. The CEACAM3-localized 

WAVE-complex can now be activated by GTP-Rac triggering f-actin-based lamellipodia during the opsonin-

independent phagocytosis of CEACAM3-binding bacteria. On the other hand, pY230 serves as a binding site 

for the SH2 domain of the regulatory subunit of PI3 kinase. Together with the kinase Syk, which might 

indirectly associate with CEACAM3, PI3 kinase orchestrates the assembly of a membrane localized NADPH 

oxidase complex. Assembly and full activity of this complex again require GTP-loaded Rac (Buntru et al., 

2012). 

1.2.3 CEACAM4: Orphan receptor of the CEACAM family  

CEACAM4 was discovered as nonspecific antigen related to CEA in human leukocytes 

(Kuroki et al., 1991) and was previously named CGM7 or NCA W236. The study of 

CEACAM4 has been neglected and the function of this membrane protein remains 



General Introduction 

31 

 

completely unknown, primarily due to a lack of a bona fide ligand. CEACAM4 is a 

transmembrane protein which harbors an ITAM-like sequence within its cytoplasmic 

domain. The extracellular part consists of a single IgV-like domain, as all CEACAMs, but 

lack IgC2-like domains (Thompson et al., 1991). Interestingly, CEACAM4 perfectly 

matches the domain structure of CEACAM3. Together, they are the only CEACAM family 

members which contain an ITAM consensus in the cytoplasmic domain and are 

exclusively expressed by granulocytes (Kuespert et al., 2006). Remarkably, this fact could 

suggest a phagocytic activity of CEACAM4 since CEACAM3 is a well-known phagocytic 

receptor of the innate immune system (Buntru et al., 2012; Schmitter et al., 2004). 

However, none of the CEACAM binding bacteria has been shown to bind CEACAM4. 

Moreover, it is important to highlight that at the genomic level, the number of exons is the 

same between CEACAM3 and CEACAM4. Interestingly, most of the length variation is due 

to intron 2, which separate the exons encoding the IgV-like domain from the 

transmembrane and the cytoplasmic domain. Both CEACAMs also at the protein level 

differ mostly in the extracellular N-terminal domain whereas the C-terminal intracellular 

domain is pretty similar (identity 73%) (Pils et al., 2008). Since the IgV-like domain of 

CEACAM3 appears highly similar to other CEACAMs such as CEACAM5 (identity 

92%), but not to CEACAM4 (identity 49%); Pils et al. have proposed CEACAM3 as a 

natural chimera with the IgV-like domain derived from a bacteria-recognizing CEACAM 

(e.g. CEACAM1, CEACAM5 or CEACAM6) and the ITAM -like sequence within the 

cytoplasmic tail (which is able to induce phagocytosis) likely inherited from an ancestor of 

CEACAM4. In addition, two novel splice variants have been reported to CEACAM4 (sv1 

and sv2) which could be useful for future genomic analysis of CEACAM4 (Wakabayashi-

Nakao et al., 2014). Due to the exclusive presence of the CEACAM4 gene in the primate 

lineage (Kammerer and Zimmermann, 2010; Zid and Drouin, 2013) and its expression in 

professional phagocytes (Kuroki et al., 1991; Kuroki et al., 1990), the yet orphan receptor 

could provide an interesting primate-specific contribution to the function and/or regulation 

of our speciesô immune system. The identification of a physiological ligand, being a 

human-associated microorganism or an endogenous structure, could be the next step in 

elucidating the fascinating biology behind this protein. 
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2 Aims of the study 

This study focusses on two CEACAM family members expressed in human granulocytes: 

CEACAM3 and CEACAM4. The defining feature of these closely related glycoproteins is 

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

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

receptors in vitro and in vivo as well as unravel the ligand binding and signaling functions 

of the orphan receptor CEACAM4. 

 

I. CEACAM3 function heavily depends on the tyrosine phosphorylation of the 

cytoplasmic ITAM-like sequence and its function as a docking site for SH2-domain 

containing proteins. As previous biochemical experiments had indicated binding of 

the Tec SH2 domain to CEACAM3, the functional relevance of this interaction and 

the regulation of Tec activity in response to CEACAM3 stimulation should be 

investigated. 

 

II.  Since human CEACAM3 has no murine orthologues, an in vivo model for the 

genetic dissection of CEACAM3 function is currently not available. Therefore, we 

aimed to generate transgenic mice expressing human CEACAM3 in granulocytes. 

The ultimate goal was to create a mouse line with granulocyte restricted expression 

of an mKate-tagged human CEACAM3, which not only should allow in vivo 

infection experiments with genetically modified mice, including crosses with 

defined knock-out animals, but also the microscopic analysis of CEACAM3 in 

living primary cells. 

 

III.  To study the function of the CEACAM4 ITAM-like sequence in the absence of a 

known ligand, we wanted to develop a chimeric protein consisting of the 

extracellular bacteria-binding domain of CEACAM3 fused to the transmembrane 

and cytoplasmic domain of CEACAM4. Engagement of this CEACAM3/4 chimera 

by CEACAM3-binding bacteria should then in principle trigger CEACAM4-

initiated responses. Accordingly, by the help of chimeric receptors we wanted to 



Aims of the study 

33 

 

study intracellular signaling and potentially phagocytic function of the CEACAM4 

ITAM -like sequence. 

 

IV.  A major advance to the study of CEACAM4 function could result from the 

identification of a CEACAM4 ligand. To search for potential microbial ligands of 

CEACAM4, we initiated a functional screen based on a combination of affinity 

purification and next-generation sequencing to detect 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 assays in vitro. 
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3 Chapter I 

Tec kinase contributes to CEACAM3-initiated Hem-ITAM 

signaling to promote bacterial phagocytosis and destruction by 

human granulocytes 
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3.1 Summary 

Human granulocytes express several receptors of the CEACAM family, which are not 

present in non-primate species. In particular, CEACAM3 operates as a single chain 

phagocytic receptor responsible for initiating the opsonin-independent recognition, 

internalization and destruction of a limited set of CEACAM-binding bacteria including 

Neisseria gonorrhoeae. Here we show that the Hem-ITAM  of CEACAM3, upon 

phosphorylation by Src family protein tyrosine kinases (PTKs), directly binds the SH2 

domain of Tec kinase and recruits this PTK to the site of bacterial phagocytosis. Upon 

CEACAM3 engagement by CEACAM-binding N.  gonorrhoeae, Tec is phosphorylated 

within 15 to 30 min at critical tyrosine residues within the kinase domain indicating rapid 

activation of Tec. Overexpression of Tec in non-professional phagocytes enhances, 

whereas pharmacological inhibition of Tec reduces CEACAM3-mediated bacterial uptake 

in CEACAM3-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 species. Finally, 

scanning electron microscopy reveals a lack of lamellipodial protrusions and probing with 

phospho-specific antibodies indicates reduced activation of the guanine nucleotide 

exchange factor Vav upon Tec kinase inhibition. Together, these data demonstrate that in 

human granulocytes Tec kinase maximizes Hem-ITAM signaling and reveal for the first 

time a prominent role of Tec in opsonin-independent phagocytosis.  

3.2 Introduction 

Early response to infection is provided by the innate immune system, which is activated 

upon recognition of key microbial signatures. Specialized cells of the innate immune 

system, such as granulocytes, not only recognize, but also phagocytose and eliminate a 

wide range of microbes. Whereas opsonin-dependent phagocytosis provided by 

complement receptors (such as CR3) and receptors for the Fc portion of immunogloblin 

(FcRs) can in principle capture any opsonized object, additional mechanisms operate to 

allow opsonin-independent recognition and phagocytosis of particular pathogens. One 

group of phagocyte membrane proteins, the C-type lectin family, specializes on 

recognizing specific carbohydrate structures of microorganisms. For example, one member 
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of the C-type lectin family, the type II membrane protein Dectin-1, binds to beta-glucan 

contained within fungal cell walls and allows rapid, opsonin-independent phagocytosis of 

yeast (Brown, 2006; Taylor et al., 2007). Dectin-1 function depends on a so-called Hem-

ITAM motif, which is characterized by a cytoplasmic tyrosine residue within a given 

amino acid sequence context (Fuller et al., 2007; Goodridge et al., 2012). 

Recent work has shown that human granulocytes express yet another Hem-ITAM 

containing receptor involved in opsonin-independent phagocytosis, the immunoglobulin 

superfamily member CEACAM3 (Buntru et al., 2012; Pils et al., 2008). CEACAM3 

belongs to the carcinoembryonic antigen-related cell adhesion molecule (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 protein-protein interactions involving the non-gylcosylated CFG-face of their amino-

terminal IgV-like immunoglobulin domain (Tchoupa et al., 2014; Virji et al., 1999). 

Whereas epithelial CEACAMs are exploited by several human-restricted gram-negative 

pathogens in order to colonize and invade mucosal surfaces (Johswich et al., 2013; 

Muenzner et al., 2010; Muenzner et al., 2005), CEACAM3 appears to have an important 

function in detecting and eliminating CEACAM-binding bacteria in an opsonin-

independent manner (Buntru et al., 2012; Schmitter et al., 2004). Indeed, binding of 

bacteria to granulocyte CEACAM3 triggers a fulminant rearrangement of the cytoskeleton, 

massive lamellipodial protrusions and rapid phagocytosis of bound particles (Buntru et al., 

2012; Schmitter et al., 2004). Importantly, CEACAM3 expression in non-phagocytic cells 

can recapitulate these aspects of bacterial uptake, albeit lamellipodia formation occurs on a 

slower time scale and is less pronounced (Billker et al., 2002; Pils et al., 2012). In 

granulocytes, clustering of CEACAM3 activates the Src family kinases Hck and Fgr, 

which in turn phosphorylate the CEACAM3 cytoplasmic domain. Similarly, CEACAM3 

ectopically expressed in HeLa or HEK 293 cells can be phosphorylated by c-Src to initiate 

CEACAM3-mediated phagocytosis (Kopp et al., 2012; McCaw et al., 2003; Schmitter et 

al., 2007b). Furthermore, the adapter protein Nck, the guanine nucleotide exchange factor 

(GEF) Vav, as well as the small GTPase Rac, which are essential for CEACAM3 function 

in granulocytes (Pils et al., 2012; Schmitter et al., 2004; Schmitter et al., 2007a), are also 

found in non-hematopoetic cell types. The fact that CEACAM3 signaling relies on a 

ubiquitously expressed core set of proteins can explain, why CEACAM3 is able to operate 

in principle (e.g. upon transfection) in multiple cell types. However, the rapid and 

pronounced action of CEACAM3 in granulocytes also suggests that cell-type specific 
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components contribute to Hem-ITAM initiated processes. As the cytoplasmic tyrosine 

residues of CEACAM3 are critical determinants of CEACAM3-initiated downstream 

processes, we focused on identifying additional binding partners of the CEACAM3 Hem-

ITAM motif.  

Here we show that Tec, a member of the second largest family of non-receptor PTKs 

primarily expressed in hematopoietic cells (Schmidt et al., 2004), directly associates with 

the phosphorylated Hem-ITAM of CEACAM3. Functional analyses demonstrate that Tec 

contributes to both CEACAM3-initiated lamellipodia formation as well as the bactericidal 

oxidative response of granulocytes. Our results for the first time provide evidence that Tec 

has important functions during opsonin-independent phagocytosis of bacteria by human 

innate immune cells. 

3.3 Material and Methods 

¶ Antibodies and Reagents 

Monoclonal antibody (mAb) against human Tec (Y398) was purchased from Abcam 

(Abcam plc., England) and mAb against human phospho-BTK/Tec (pY551/pY519, Clone 

797837) was from R&D systems (R&D systems GmbH, USA). Polyclonal antibody 

against c-Src (SRC2) was from Santa Cruz Biotechnology (Santa Cruz, CA) and 

polyclonal rabbit antibody against human phospho-Src (pY418) was from Invitrogen-life 

technologies (Thermo Fisher Scientific, USA). Polyclonal antibodies against Vav (C-14) 

and phosphor-Vav (pY174)-R were obtained from Santa Cruz Biotechnology (Santa Cruz, 

CA). The mAbs against HA-tag (12CA5); phospho-tyrosine residues (pY72); Opa 

(4B12/C11); and tubulin (E-7) were purified from hybridoma cell supernatants obtained 

from DSHB (University of Iowa, IA). The mAb antibody against Vinculin (hVIN-1) was 

from Sigma-Aldrich (St. Louis, Missouri, USA); mAb against GFP (JL-8) was from 

Biosciences (Becton, Dickinson and Company ïBD, USA) and mAb against GST (B-14) 

was from Santa Cruz Biotechnology (Santa Cruz, CA). A rabbit polyclonal antibody 

against recombinant mKate was custom generated and affinity purified (Animal Research 

Facility, University of Konstanz, Germany). GST and GST-fused SH2-domains used were 

all expressed in E. coli BL-21 and purified using GSTrap
TM

 FF (Amersham Biosciences, 

Freiburg, Germany). Protein A/G sepharose was obtained from Santa Cruz Biotechnology 

(Santa Cruz, CA). Secondary antibodies were obtained from Jackson Immunoresearch 
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(West Grove, PA). NHS-Biotin was obtained from Pierce Biotechnology (Rockford, IL). 

Specific kinase inhibitors of the Src family kinase (PP2) and PI3K inhibitor (Wortmannin) 

were from Calbiochem (San Diego, CA). Tec family kinase (LFM-A13) inhibitor was 

obtained from Sigma-Aldrich (St. Louis, Missouri, USA).  

¶ Recombinant DNA constructs 

Mammalian expression vectors encoding CEACAM3-WT-HA and CEACAM3-ȹCT-HA 

were described previously (Schmitter et al., 2004). Likewise, pLPS-3ô-CEACAM3-mKate 

and pLPS-3ô-CEACAM3-ȹCT-mKate as well as pLPS-3ô-mCerulean, were described 

before (Pils et al., 2012). The cDNA of full length human Tec (pCMV6-XL4 -Tec) was 

purchased from Origene (Rockville, MD, USA), human Btk (pBluescriptII -KS -Btk) was 

kindly provided by Prof. Wirth (University of Ulm, Germany) and human Bmx (pCMV-

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 Bmx with primers: 

TEC-SH2-IF-sense 5ô- GAAGTTATCAGTCGACACGGGAAAGAAATCAAAC-3ô and 

TEC-SH2-IF-anti 5ô- ATGGTCTAGAAAGCTTATCCTGCAGTGGTGGGTG-3ô, BTK-

SH2-IF-sense 5ô- GAAGTTATCAGTCGACCCTAGTAACTATGTCAC-3ô and BTK-

SH2-IF-anti 5ô- ATGGTCTAGAAAGCTTATTCCCATGATCCGTATCCC-3ô, BMX-

SH2-IF-sense 5ô-GAAGTTATCAGTCGACTCATCTGAAGAAGAGG-3ô and BMX-

SH2-IF-anti 5ô- ATGGTCTAGAAAGCTTAGGACACAGAGTCGGGGACC-3ô, 

respectively. The cDNA of human Tec, Btk and Bmx SH2 domains were cloned into 

pDNR-Dual using the In-Fusion PCR Cloning Kit (Clontech, Mountain View, CA, USA) 

and transferred into pGEX-4T-1-LoxP via Cre/lox recombination. The SH2 domains of 

Tec, Btk and Bmx were expressed as GST-fusion proteins in Escherichia coli BL21 and 

purified as described previously (Schmitter et al., 2007a). Human Hck WT cDNA was 

amplified by PCR from pOTB7 Hck human (provided by RZPD, Berlin, Germany) with 

primers: 5ô- CTGAGTCGACATGGGGTGCATGAAGTCCAAG-3ô and 5ô- 

CTGACCGGTTGGCTGCTGTTGGTACTG-3ô). The coding sequence was inserted into 

pDNR-dual MCS via SalI/AgeI to yield pDNR-dual Hck WT. The cDNA was 

subsequently transferred into pLPS-3'EGFP (Clontech, Mountain View, CA, USA) by Cre-

mediated recombination to yield Hck WT-EGFP. Human TEC wildtype (WT) was 

amplified using the following primers: 5ô-

GAAGTTATCAGTCGACACCATGAATTTTAACACTATTTTGGAGGAG-3ô and 5ô-

ATGGTCTAGAAAGCTTTCTTCCAAAAGTTTCTTCACATTCAAC-3ô) from pCMV6-
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XL4 human Tec full length (Origene, Rockville, MD, USA). The resulting PCR fragment 

was cloned into pDNR-Dual using the In-Fusion PCR Cloning Kit (Clontech, Mountain 

View, CA, USA) and transferred into pEGFP-C1 loxP and pLP-CMV 2x HA by Cre-

mediated recombination resulting in EGFP and 2xHA fused to the N-terminus 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 v-

Src was described before (Hauck et al., 2001). The GST-fusion protein of the Src-SH2 

domain was also described previously (Schmitter et al., 2007a).  

¶ Bacteria and Growth conditi ons 

Non-piliated Neisseria gonorrhoeae MS11-B2.1 expressing a CEACAM-binding Opa 

protein (strain N309, Opa52 - OpaCEA) or non-CEACAM binding strain (strain N302, Ngo 

Opa-) (Kupsch et al., 1993b) were kindly provided by Thomas Meyer (Max-Planck-Institut 

für Infektionsbiologie, Berlin, Germany). Bacteria were grown on GC-agar plates (BD 

Difco
TM

, Gonococci Agar medium base) supplemented with vitamins and appropriate 

antibiotics at 37 °C, 5 % CO2 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 were resuspended in 1:1000 dilution of either AlexaFluor647-NHS (Invitrogen, 

Karlsruhe, Germany), 5-(6)-CFSE (Invitrogen, Karlsruhe, Germany) or PacificBlue (Sigma 

Aldrich, USA) in PBS. Bacterial suspensions were incubated at 37 °C for 30 min in the 

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

Colony forming units (cfu) were estimated by A550 readings according to a standard 

curve. 

¶ Cell culture, Transfection, Cell lysis, and Western blotting 

Human embryonic kidney 293T cells (293 cells) were cultured in Dulbeccoôs modified 

Eagleôs medium (DMEM) containing 10% CS at 37 °C in 5 % CO2 and subcultured every 

2-3 days. 293 cells were transfected by calcium-phosphate co-precipitation using a total 

amount of 6 µg DNA in a 10 cm culture dish. HeLa cells were cultured in DMEM 

supplemented with 10% FCS at 37 °C, 5 % CO2 in humid atmosphere and subcultured 

every 2-3 days. HeLa cells were transfected with Lipofectamin2000 (Life Technologies, 

Darmstadt, Germany) according to the manufacturerôs protocol. Both cell lines were used 

48 hours after transfection. Cell lysis and Western blotting were performed as described 
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previously (Hauck et al., 2001). In some experiments cells were treated 15 min prior to 

infection with PP2 (10 µM) or LFM-A13 (100 µM). 

¶ GST Pull-down assay and Far Western Probing of peptide spot membranes 

For GST pull-down assays, purified GST or GST-fusion proteins were attached to 

glutathione-Sepharose beads (Sephadex
TM

 G-25, Amersham Biosciences AB, Sweden). 

200 µl of washed beads (50 % in 1x PBS) were mixed with 100 µg GST-protein and 

washed three times with 1x PBS after two hours at 4°C under constant rotation. 10 ɛg of 

purified GST or GST-fusion proteins attached to glutathione-Sepharose beads were added 

to 750 ɛl of cleared lysates from 293 cells transfected with CEACAM-encoding constructs 

or the empty vector. Where indicated, the cells were additionally co-transfected with a v-

Src-encoding plasmid (0.5 ɛg) to ensure maximum tyrosine phosphorylation of 

CEACAM3. Samples were incubated over 2.5 hours at 4 °C under constant rotation. After 

two washes with ice-cold RIPA buffer, precipitates were boiled in 4 × SDS sample buffer 

before SDS gel electrophoresis and Western blot analysis. Generation and probing of 

peptide spot membranes was conducted as described previously (Buntru et al., 2011; 

Schmitter et al., 2007b) using 20 ɛg of GST-Tec-SH2 or GST alone. 

¶ Gentamicin protection assays 

Gentamicin protection assays were conducted as described (Pils et al., 2012). Cells were 

seeded in gelatin-coated 24 well plates and infected for 30 min at a multiplicity of infection 

(MOI) of 20 bacteria per cell. Extracellular bacteria were killed by 45 min of incubation in 

DMEM medium with 50 mg/ml gentamicin and cell-binding bacteria were determined 

after 30 min of infection. Cells were lysed with 1 % 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 supplemented GC-agar base medium. 

Associated bacteria are determined in parallel without antibiotic treatment. 

¶ Human granulocyte isolation, Phagocytosis and Oxidative burst 

Primary human granulocytes were isolated from freshly drawn citrate-buffered blood as 

described previously (Schmitter et al., 2004). In some experiments cells were treated 15 

min prior to infection with PP2 (10 µM), LFM-A13 (100 µM), Wortmannin (100 nM) or 

DMSO as vehicle control. Phagocytosis was performed as described before (Buntru et al., 

2011). Briefly, indicated kinase inhibitors were added and cells were infected with 5-(6) 

carboxyfluorescein-succinylester (CFSE) labeled bacteria at MOI 30 for 30 min. 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. Phagocytosed bacteria were quantified by flow cytometry (LSRII cytometer, BD 

Biosciences) and the percentage of CFSE-positive cells was multiplied by the mean 

fluorescence intensity of the sample to obtain an estimate of the total number of 

internalized bacteria (uptake index). For oxidative burst, granulocytes were suspended in 

chemiluminescence buffer (8 g/l NaCl, 0.2 g/l KCl, 0.62 g/l KH2PO4, 1.14 g/l Na2HPO4, 

1 g/l glucose, 50 mg/l BSA, pH 7.2) containing luminol (20 ɛg/ml) and treated before 

infection with the indicated inhibitors. 2 x 10
5
 cells were infected at MOI 50 or left 

uninfected and chemiluminescence was determined as described before (Buntru et al., 

2011) with a Varioskan Flash spectrofluorometer (Thermo Scientific). To determine the 

total amount of reactive oxygen produced, the response curves were exported to GraphPad 

Prism and the areas under the curves over 90 min were calculated. 

¶ Phosphorylation assays 

Isolated granulocytes were resuspended at a concentration of 1 × 10
6
 cells/ml in Eppendorf 

tubes with a PBS containing 10 mM HEPES. Granulocytes were infected at MOI 20 at 37 

°C under rotation. 1 x 10
6
 transfected 293 cells seeded in 24 well plates were starved for 16 

h with Dulbeccoôs modified Eagleôs medium (DMEM) containing 0.5 % CS and infected at 

MOI 50 at 37 °C in 5 % CO2. Granulocytes and 293 cells were pre-incubated with PP2 and 

LFM-A13 inhibitors for 15 min or 30 min respectively. After infection, the reactions were 

stopped on ice. Samples were centrifuged at 350 x g for 5 min at 4 °C; resuspended in 2x 

Laemmli sample buffer (SB) (62.5 mM TrisïHCl, pH 6.8, 4 % SDS, 5 % ɓ-

mercaptoethanol, 8.5 % glycerol, 2.5 mM orthovanadate, 10 mM p-nitrophenylphosphate, 

10 ɛg/ml leupeptin, 10 ɛg/ml aprotinin, 0.025 % bromophenol blue) (Gilbert et al., 2002) 

supplemented with 2 mM PSMF, and boiled for 7 min. Lysates were used for the 

determination of protein phosphorylation levels by western blot analysis. 

¶ Confocal laser scanning microscopy and FRET acceptor photobleaching 

For immuno-staining of intra/extra cellular bacteria, 4 x 10
4
 293 transfected cells were 

seeded onto coated glass coverslips (4 µg/ml fibronectin, 10 µg/ml poly-L-Lysine in PBS) 

in 24 well plates. Prior to infection, bacteria were biotinylated and PacificBlue-labelled as 

described (Agerer et al., 2004). The cells were infected with labeled OpaCEA-expressing N. 

gonorrhoeae (Ngo OpaCEA) for 30 min. After infection, cells were fixed with 4 % 



Chapter I 

42 

 

paraformaldehyde and extracellular bacteria were selectively detected prior to cell 

permeabilization (0.2  % saponin in blocking buffer) with Cy5-streptavidin in blocking 

buffer (PBS, 5 % FCS). All samples were analyzed with a TCS Sp5 confocal laser 

scanning microscope (Leica, Wetzlar, Germany). Images were digitally processed with 

ImageJ and merged to yield pseudo-coloured pictures. For co-localization and FRET 

experiments, 4 x 10
4
 HeLa cells were seeded onto coated glass coverslips (4 µg/ml 

fibronectin, 10 µg/ml poly-L-Lysine in PBS) in 24 well plates one day before transfection. 

Transfected cells were infected with AlexaFluor647-labeled Ngo OpaCEA and fixed with 4 

% PFA 30 min after infection. Following two washes, cells were embedded in mounting 

medium (Dako, Glostrup, Denmark). Fluorescence microscopy was performed with a TCS 

SP5 confocal laser scanning microscope (Leica, Wetzlar, Germany) using a 63 x, 1.4 NA 

PLAPO oil immersion objective lens. For acceptor photobleaching FRET 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 laser intensities 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 conditions. A pixel-by-pixel analysis of FRET by acceptor photobleaching was 

performed using the FRETcalc plugin for ImageJ (Stepensky, 2007). To calculate FRET 

efficiency, donor prebleach and postbleach images were smoothed by median filtering and 

background subtracted. An intensity threshold and a bleaching threshold were applied to 

filter off all pixels with less than 80 % acceptor bleaching. Apparent FRET efficiency was 

calculated as: 

 

¶ Scanning electron microscopy 

2 x 10
5
 isolated human granulocytes were seeded onto glass coverslips coated with 10 

mg/ml poly-L-lysine in 24 well plates. After 15 min of infection (MOI 30), samples were 

fixed as described before (Muenzner et al., 2005). Samples were dehydrated in a graded 

series of ethanol, critical point dried with liquid CO2 and sputter-coated with 10 nm 

gold/palladium and 5-12 nm platinum (BAL-TEC SCD 030 Critical Pint Dryer). The 

samples were analyzed with a Auriga-Crossbeam Workstation (Carl Zeiss AG, Jena, 

Germany) scanning electron microscope at 5 kV accelerating voltage and a WD of 5 mm. 

The used magnifications were x19 k and more detailed images x50 k. 
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3.4 Results 

¶ The Tec SH2 domain binds to phosphorylated CEACAM3 

Three distinct PTKs of the Tec family, namely Bmx (bone marrow kinase on the X 

chromosome; or also named Etk), Btk (Brutonsôs tyrosine kinase), and Tec are expressed 

in myeloid cells (Schmidt et al., 2004). To investigate if Tec kinases are able to interact 

with phosphorylated CEACAM3, we generated recombinant GST-fusion proteins 

comprising the SH2 domains of Bmx, Btk, or Tec, respectively. Using lysates of 293 cells 

co-expressing v-Src and CEACAM3 -promoting constitutive phosphorylation of the Hem-

ITAM of CEACAM3 (McCaw et al., 2003; Schmitter et al., 2007b)-, GST pull-down 

experiments were conducted. Interestingly, only the Tec kinase could specifically bind to 

the activated receptor via the SH2 domain, while Btk and Bmx kinases showed no 

CEACAM3-interaction (Figure 3.1A). In order to confirm the specificity of the SH2 

domain-binding to the phosphorylated CEACAM3 additional pull-down analyses of GST-

Tec-SH2, GST-Src-SH2 or GST alone were also performed. Similar to the known 

interaction of the Src kinase SH2 domain, the SH2 domain of Tec was able to associate 

with CEACAM3, while GST alone was not sufficient to precipitate CEACAM3 (Figure 

3.1B). This interaction was shown to be dependent on the cytoplasmic domain of 

CEACAM3, since a CEACAM3-mutant lacking the cytoplasmic domain (CEACAM3 

ȹCT) did not associate with either GST-Src-SH2 or GST-Tec-SH2 (Figure 3.1A-B). 

However, GST-pull down assays do not exclude the possibility that the observed 

association is indirect due to an interaction of the SH2-domain 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 non-phosphorylated peptides encompassing 15 amino acids surrounding 

the tyrosine residues of the ITAM-like sequence of CEACAM3 was generated. This 

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

ITAM -like sequence of CEACAM3. (A) 293 cells were transfected either with an empty vector (pcDNA) 

or HA-tagged CEACAM3 constructs (wildtype -WT or lacking cytoplasmic domain -ȹCT) in the presence or 

not of a constituted phosphorylated Src kinase (v-Src). Lysates were used in pull-down assays with the 

indicated GST fusion proteins encoding Tec, Btk or Bmx SH2-domains. CEACAM detection was conducted 

with a monoclonal anti-HA antibody (top panel). Equal amounts of the GST fusion protein used in the pull-
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down assay were verified by coomassie staining of the membrane (bottom panel). (B) 293 cells were co-

transfected with or without a constituted phosphorylated Src kinase together with HA-tagged CEACAM3-

WT or CEACAM3-ȹCT. Lysates were subjected to pull-down assays with GST-Tec-SH2, GST-Src-SH2 or 

GST alone. GST fusion proteins were visualized by coomassie staining of the membrane (bottom panel). 

CEACAM3 variants co-precipitating with GST-Tec-SH2 were detected by anti-HA antibody (middle panel) 

and kinase activity were analyzed regarding their phosphorylation status (top panel). Whole cell lysates 

(WCLs) were verified for equal expression of CEACAM3 constructs by anti-HA antibody (WCL, right top 

panel) and activation by anti-pY antibody (WCL, right bottom panel). (C) Peptide spot membrane harbouring 

synthetic 15-mer peptides surrounding the indicated tyrosine residues of the CEACAM3 cytoplasmic domain 

(as indicated). Tyrosine residues either unphosphorylated (Y) or phosphorylated (pY) were probed with 

GST-Tec-SH2 or only GST as a control. Bound GST fusion proteins were detected with monoclonal anti-

GST antibody. 

Importantly, GST-Tec-SH2 associated selectively with the peptide comprising the 

phosphorylated tyrosine 230 (pY230) of CEACAM3, but not the non-phosphorylated 

peptide verifying a direct and specific protein-protein interaction (Figure 3.1C). GST 

alone was not detected binding to any of the peptides (Figure 3.1C). These results confirm 

the interaction of the phosphorylated Hem-ITAM of CEACAM3 with the SH2 domain of 

the non-receptor PTK Tec, suggesting that this enzyme could have a functional role in 

CEACAM3-initiated signaling. 
  

 

¶ Tec associates specifically with CEACAM3 at sites of bacterial contact in intact 

cells 

To analyze if the in vitro binding of recombinant GST-Tec-SH2 to phosphorylated 

CEACAM3 also translates to an interaction in the cellular context, we co-transfected HeLa 

cells with CEACAM3-mKate and full -length Tec-EGFP. The transfected cells were 

infected with Pacific Blue-labeled OpaCEA-expressing N. gonorrrhoeae and fixed 30 min 

after infection. Confocal fluorescence images show the clustering of CEACAM3 around 

the cell-associated bacteria and the recruitment of Tec to the clustered receptor (Figure 

3.2A). Co-localization of the two fluorescent labels refers to the presence of the two 

interaction partners within one pixel, which due to the diffraction limit has a spatial 

accuracy of about 250 nm. Hence, co-localization does not necessarily confirm a direct 

binding of Tec to CEACAM3. Instead, an indirect association of Tec with the cytoplasmic 

domain of CEACAM3 in a signaling complex through multiple adapter proteins could be 

possible. Therefore, we applied Förster resonance energy transfer (FRET) microscopy to 

resolve the spatial interaction more precisely, as the distance over which FRET can occur 

is limited to less than 10 nm, which is in the range of direct protein-protein interactions. 

We previously showed that FRET allows the analysis of protein-protein interactions at the 
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CEACAM3 cytoplasmic domain in intact cells (Buntru et al., 2009; Kopp et al., 2012). 

Accordingly, we used acceptor photobleaching to assess the efficiency of energy transfer 

between CEACAM3-mKate and Tec-EGFP (Figure 3.2B). In this technique, the FRET 

acceptor (mKate) is photochemically destroyed with a short high-intensity laser pulse, 

which should result, in the case of prior FRET between the two fluorophores, in an 

increase of the donor (EGFP) fluorescence. Therefore, mKate was bleached in the region 

surrounding CEACAM3-bound bacteria (highlighted by the circle) and donor fluorescence 

was monitored before (prebleach) and after (postbleach) the laser pulse (Figure 3.2B).  

Indeed, upon comparison of prebleaching and postbleaching images, a clear increase of 

donor intensity could be observed, where bacteria were in close contact with the host cell 

(Figure 3.2B). FRET efficiency was calculated pixel-by-pixel and the average FRET 

efficiency of all pixels in the bleached area was 7.3 %. When including only positive 

FRET values between 0 % and 50 % in the calculation, the thresholded apparent FRET 

efficiency was 10.3 %. The FRET efficiencies can vary from cell to cell and even within 

one cell at different host-contact 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 process with different stages of 

phagocytosis being captured, during which a temporal change of the signaling complex 

composition and protein stoichiometry seems likely.  

As positive control, we measured the FRET efficiency between CEACAM3-mKate and 

Hck-EGFP (Suppl. Figure 3.1A), as this Src family PTK is a known interaction partner of 

CEACAM3 (Buntru et al., 2009). In the case of Hck, the 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 increased to 13.4 %. These FRET efficiencies are comparable to the ones 

obtained for the CEACAM3-mKate - Tec-EGFP interaction. As a further control, we co-

transfected HeLa cells with CEACAM3-mKate and EGFP alone (Figure 3.2C and D). In 

this case, EGFP was not recruited to the clustered receptor and the donor intensity was not 

increased after acceptor photobleaching, confirming that EGFP does not interact with 

bacteria-engaged CEACAM3. Finally, correct expression of EGFP and the various fusion 

proteins (Tec-EGFP, Hck-EGFP, or CEACAM3-mKate) was demonstrated by western 

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) HeLa cells 

were co-transfected with expression plasmids encoding for CEACAM3-mKate and Tec-EGFP (A, B) or 

CEACAM3-mKate and EGFP (C, D). Cells were infected with AlexaFluor647-labeled OpaCEA-expressing 

N. gonorrhoeae (Ngo OpaCEA) at a MOI of 50 and fixed 30 min after infection. Confocal images show the 

recruitment of full length Tec-EGFP to bacteria-bound CEACAM3 represented with arrows in (A), whereas 

no recruitment of EGFP to the clustered CEACAM3 receptor is observed in (C). Acceptor photobleaching 

was performed at sites of receptor-binding by bacteria (boxed areas). (B, D) The enlargements of the boxed 
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region show intensity images recorded in the donor (Tec-GFP or GFP) and acceptor (CEACAM3-mKate) 

channel before and after photobleaching of the acceptor (left panels). From these areas, apparent FRET was 

calculated and presented in pseudo-color on the right hand side (FRET efficency range from 0 % - 40 %) 

(right panels). Note the FRET signal at the side of CEACAM3-Tec interaction in (B), and the absence of 

FRET in the CEACAM3 and GFP expressing cells (D). FRET was calculated as described under óMaterial 

and Methodsô. Images of the bleached area are presented in pseudo-color for better visualization. Scale bar 

10 ɛm. 

Together, these results do not only verify the specific and direct association of Tec and 

CEACAM3 upon infection with N. gonorrhoeae in intact cells, but also precisely localize 

this protein-protein interaction to the site of receptor engagement by the pathogenic 

bacteria. 

¶ Tec activation is mediated by CEACAM3 -Hem-ITAM signaling  

As Tec interacted with CEACAM3, we wanted to elucidate if Tec kinase has a functional 

role in CEACAM3-mediated signal transduction. To first investigate the kinetics of Tec 

activation, 293 cells were co-transfected with plasmids encoding CEACAM3-HA and Tec 

and then infected with OpaCEA-expressing N.gonorrhoeae (Ngo OpaCEA; able to engage 

CEACAM3) or a non Opa-expressing N.gonorrhoeae (Ngo Opa-; unable to bind 

CEACAM3). The Opa phenotype of the used bacterial populations was confirmed by 

western blotting with a monoclonal anti-Opa antibody (Figure 3.3A). After different time 

points, whole cell lysates were prepared and analyzed by western blotting (Figure 

3.3A  and B). As a confirmation of receptor engagement by the bacteria, an increased 

tyrosine phosphorylation of CEACAM3 (~34 kDa protein size) was observed upon 

infection with Ngo OpaCEA, which was maximal after 30 min (Figure 3.3A). As expected, 

no increased phosphorylation of CEACAM3 occurred upon infection with Ngo Opa-, 

which are not able to engage CEACAM3 (Figure 3.3A). CEACAM3 expression in the 

transfected cells was confirmed by blotting with anti-HA antibodies and equal loading of 

the lysates was verified by probing with anti-tubulin antibodies (Figure 3.3A; lower 

panel). Within the same time course a marked increase in the phosphorylation of Src and 

Tec upon infection with CEACAM-binding gonococci (Ngo OpaCEA) was observed 

(Figure 3.3B). Tec family kinases require tyrosine phosphorylation in the kinase domain 

activation loop as a pre-requisite for full activation, which can be monitored by phospho-

specific antibodies directed against pY519 (Bradshaw, 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 OpaCEA, but not Ngo Opa-, implying a substantial 

activation of this enzyme in response to CEACAM3 engagement (Figure 3.3B). 

 

Figure 3.3 Inhibition of  Tec kinase reduces CEACAM3 -mediated phagocytosis. (A) Opa expression of 

gonococci strains used for infection was confirmed by western blotting. Transfected 293 cells with 
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CEACAM3-HA and full length Tec were infected with OpaCEA or non Opa-expressing N. gonorrhoeae (Ngo 

OpaCEA or Ngo Opa-) for the indicated time points. Whole cell lysates (WCL) were probed against 

phosphotyrosine resides (pY), HA-tag and tubulin. (B) Lysates from (A) were probed against active 

phospho-Src (pSrc -Y418) and inactive c-Src (upper panels) or against active phospho-Tec (pTec-Y519) and 

inactive (lower panels). (C) 293 cells were transfected with a pcDNA empty vector or co-transfected with 

CEACAM3-Cerulean and Tec-HA. For protein expression of transfected cells, whole cell lysates were 

probed against Tec, GFP (for CEACAM3-Cerulean detection) or tubulin as antibody as loading control. (D) 

Transfected cells were incubated or not with 100 µM LFM-A13 for 15 min before infection with OpaCEA-

expresing gonococci. Cells were employed for total bacterial adhesion. (E) The number of viable intracellular 

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

internalized bacteria were recovered and counted. Bars represent mean values ± S.E.M of three independent 

experiments done in triplicate. Statistical significance was determined using a paired two-tailed Student's t-

test (* p<0.05; ** p<0.01, *** p<0,001). (F) CEACAM3 co-transfected 293 cells with Tec were treated or 

with inhibitors of the Src (10 µM PP2) or Tec (100 µM LFMA-13) for 15 min before infection (Ngo Opa- or 

OpaCEA) as indicated. Western blot analyses were performed for Tec, phospho-Tec (pY519), CEACAM3 

(HA) and Vinculin as loading control. 

¶ Tec activity contributes to bacterial internalization by CEACAM3  

To examine the functional role of Tec in CEACAM3-initiated processes, CEACAM3-

Cerulean was expressed in 293 cells with or without Tec-HA. Furthermore, 293 cells were 

transfected with the empty control vector (pcDNA) as a negative control. Expression of 

transfected CEACAM3-Cerulean was verified by western blotting with anti-GFP antibody 

(Figure 3.3C). Also, overexpression of Tec was determined by anti-Tec antibody, which 

detected low levels of endogenous Tec in control transfected 293 cells (Figure 3.3C). 

Transfected cells were then employed in infection assays with OpaCEA-expressing N. 

gonorrhoeae to examine CEACAM3-dependent cell binding and bacterial uptake. 

Importantly, neither overexpression of Tec nor inhibition of Tec kinase activity by the 

pharmacological inhibitor LFM-A13 (Mahajan et al., 1999; Uckun et al., 2003) altered the 

overall cell-binding of Ngo OpaCEA to the cells (Figure 3.3D). However, Tec 

overexpression clearly resulted in a gain of function with increased internalization of Ngo 

OpaCEA by CEACAM3-expressing 293 cells (Figure 3.3E). When Tec kinase activity was 

inhibited by LFM-A13, a strong (~50 %) reduction in bacterial uptake was observed in 

CEACAM3-transfected 293 cells co-expressing Tec (Figure 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 cells might also contribute to 

CEACAM3-mediated bacterial internalization (Figure 3.3E). As both Src and Tec PTKs 

were activated within 5 - 45 min after bacterial infection, we wondered, whether both 

protein kinases work in parallel or if one kinase depends on the other enzyme for its 

activity. Thus, 293 cells were co-transfected either with plasmids encoding CEACAM3-

HA or CEACAM3-HA lacking the cytoplasmic tail (CEACAM3 ȹCT) together with Tec. 
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Cells were treated or not an inhibitor of Tec (LFM-A13) or a Src PTK inhibitor (PP2) and 

infected with Ngo OpaCEA or Ngo Opa- for 30 min. Whole cell lysates were employed in 

western blots against the phosphorylated Tec kinase (pY519) or against total Tec levels 

(Figure 3.3F). Furthermore, expression of CEACAM3 or CEACAM3 ȹCT was monitored 

and blotting against vinculin served as a loading control (Figure 3.3F). Interestingly, 

phosphorylation of the Tec kinase domain activation loop was completely inhibited by PP2 

and to a lesser extent by LFM-A13, supporting the idea that Src PTKs are upstream of Tec 

kinase activity and Tec kinase autophosphorylation might also contribute to full Tec 

activity (Figure 3.3F). Clearly, activation of Tec required CEACAM3 engagement by 

OpaCEA-expressing bacteria (Ngo OpaCEA) and depended on the integrity of the 

CEACAM3 cytoplasmic domain (Figure 3.3F). Together, these data suggest that in 

CEACAM3-transfected 293 cells Tec is activated in response to receptor engagement by 

bacteria and depends on prior Src activity.  

¶ Tec kinase activity is downstream of CEACAM3-triggered Src PTK activation in 

human granulocytes 

To investigate if a similar signaling cascade operates in primary granulocytes; we isolated 

and purified polymorphonuclear cells from peripheral human blood. Following incubation 

with non-opaque or OpaCEA-expressing gonococci (Ngo Opa- or Ngo OpaCEA) tyrosine 

phosphorylation of cellular proteins occuring within 5 to 30 min of infection was 

monitored by western blotting. As expected, the professional phagocytes showed a rapid 

increase in tyrosine phosphorylation of multiple proteins with a maximum occuring at ~15 

min after infection with Ngo OpaCEA (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 observed in transfected 293 cells, infection with Ngo OpaCEA also 

induced a rapid activation of Src and Tec PTKs (Figure 3.4B). When primary granulocytes 

were infected for 15 min in the presence of PP2 or LFM-A13, respectively, Src activation 

was blocked by PP2, but not by the Tec kinase inhibitor LFM-A13 (Figure 3.4C). In line 

with the results obtained in transfected 293 cells, both PP2 and LFM-A13 treatment 

affected Tec kinase domain phosphorylation in primary granulocytes (Figure 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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¶ Tec kinase is involved in CEACAM-initiated production of ROS 

Via CEACAM3-initiated signaling, gonococci trigger the production of reactive oxygen 

species (ROS) by granulocytes (Buntru et al., 2011; Sarantis and Gray-Owen, 2007). To 

investigate if Tec kinase has a major role in modulating the oxidative burst in response to 

Neisseria gonorrhoeae, ROS production of primary human granulocytes was measured. As 

shown before, OpaCEA protein expressing N. gonorrhoeae (Ngo OpaCEA) induce a 

prominent oxidative burst within 5 to 30 min (Figure 3.5A). In contrast, non-opaque 

bacteria, which do not engage CEACAM3, do not trigger ROS formation in the absence of 

opsonizing agents, confirming that the observed release of reactive oxygen species in 

response to Ngo OpaCEA is CEACAM-dependent (Figure 3.5A). Previously, 

phosphatidylinositol-3ô kinases (PI3Ks) have been shown to be essential for CEACAM3-

initiated reactive oxygen formation (Buntru et al., 2011), as evidenced by the complete 

abrogation of ROS production in the presence of the PI3K inhibitor wortmannin (Figure 

Figure 3.4 Src family kinases act upstream of Tec 

during CEACAM3 -Hem-ITAM signaling.  (A) 

Isolated granulocytes from human peripheral blood 

were infected in three different time points of infection 

with OpaCEA-expressing or non-Opa-expressing 

N. gonorrhoeae (Ngo OpaCEA or Ngo Opa-, 

respectively). Whole cell lysates (WCL) were probed 

against a phosphor-tyrosine antibody as well as 

Vinculin as loading control. (B) Same lysates used in 

(A) were probed to a set of phospho-antibodies against 

phosphorylated Tec and Src. Membrane was 

sequentially analyzed by general antibodies as 

indicated. (C) Human isolated granulocytes were also 

pre-treated for 15 min prior to infection with Src 

(10 µM PP2) or Tec (100 µM LFMA-13), and WCL 

were probed as it was described in (B). 
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3.5A). In a similar manner, the Src PTK inhibitor PP2 almost completely disrupted the 

oxidative burst and also Tec kinase inhibition impaired the production of reactive oxygen 

species (Figure 3.5A). Compared to solvent treated cells (DMSO), the Tec inhibitor LFM-

A13 reduced the oxidative response during the first hour of infection by 50 %, whereas 

PP2 as well as wortmannin had a stronger impact (Figure 3.5B). Together, these data 

indicate that Tec contributes to maximal bactericidal responses in primary human 

granulocytes in response to CEACAM3 stimulation. 

 

 
Figure 3.5 Tec activity contributes to granulocyte oxidative burst upon gonococcal infection. Primary 

human granulocytes were infected at MOI 50 with OpaCEA or non-Opa expressing gonococci (Ngo OpaCEA or 

Ngo Opa-), left uninfected or pre-treated with indicated inhibitors (100 nM Wortmannin; 10 µM PP2; 100 

µM LFM-A13) as well with DMSO as solvent control. Reactive oxygen species (ROS) production was 

measured by luminol-dependent chemiluminescence. (A) The graph shows counts of absorbance units. (a.u.) 

from measurements every 2 min over 100 min. Counts are mean values from one representative experiment 

(of three independent experiments) done in triplicate. (B) Total oxidative burst was calculated by the area 

under the curves and values were normalized to the untreated sample infected with Ngo OpaCEA. Statistical 

significance was determined by using a paired two-tailed Student's t-test (** p<0.01, *** p<0,001). Bars 

represent mean values ± S.E.M, n=3. 

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

Tec inhibition in CEACAM3-expressing 293 cells impaired phagocytosis of OpaCEA-

protein expressing gonococci. In order to confirm the role of Tec in opsonin-independent 

phagocytosis of primary cells, human granulocytes from peripheral blood were treated or 

not with the Tec specific inhibitor LFM-A13 or the Src inhibitor PP2, respectively. 

Granulocytes were next infected for 15 min with fluorescein-labeled OpaCEA protein-

expressing (Ngo OpaCEA) or non-opaque (Ngo Opa-) N. gonorrhoeae. Infected 

granulocytes were then analyzed for cell-associated fluorescein fluorescence in the 

presence of trypan blue, which quenches fluorescence derived from extracellular bacteria. 
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Therefore, the remaining fluorescence intensity is a measure of the amount of internalized 

bacteria. Importantly, Ngo Opa- are not recognized and phagocytosed under these 

conditions, whereas OpaCEA protein expressing gonococci were rapidly internalized by the 

primary cells within 15 min (Figure 3.6A). Pre-treatment of granulocytes with solvent 

(DMSO) did not impair opsonin-independent phagocytosis of Ngo OpaCEA, whereas both 

inhibition of Src as well as inhibition of Tec PTKs resulted in a significant decrease in 

bacterial uptake (Figure 3.6A). To further illuminate the process of phagocytosis in 

untreated versus inhibitor treated granulocytes, we performed scanning electron 

microscopy on infected samples. Importantly, untreated and DMSO-treated granulocytes 

elaborated extensive, micrometer-sized lamellipodial protrusions at the sites of bacterial 

contact upon CEACAM3 engagement (Figure 3.6B). These prominent membrane 

protrusions have been observed before and result from a massive induction of f-actin based 

cytoskeletal structures (Pils et al., 2012; Schmitter et al., 2004). In line with the central role 

of Src family PTKs in CEACAM3-mediated phagocytosis, lamellipodia were completely 

absent in PP2-treated granulocytes, while bacteria still associated with the cell surface 

(Figure 3.6B). Strikingly, inhibition of Tec kinase by LFM-A13 still allowed minor cell 

protrusions in the form of ~500 nm filopodia (Figure 3.6B). However, lamellipodia 

formation was also completely suppressed upon Tec inhibition suggesting that Tec kinase 

activity is critical to allow progression of initial filopodial structures into the massive 

lamellipodial protrusions observed in untreated cells (Figure 3.6B). These results indicated 

that Tec kinase contributes to the regulation of actin cytoskeletal rearrangements, which 

occur upon CEACAM3 clustering downstream of Src PTK activation. A key factor 

responsible for f-actin formation in response to CEACAM3 engagement is the small 

GTPase Rac, which in turn is stimulated by the guanine nucleotide exchange factor (GEF) 

Vav (Buntru et al., 2012; Schmitter et al., 2007a). Previous studies have indicated a 

functional interaction of the Tec family kinase member Btk with Vav during Dectin1-

mediated phagocytosis of Candida albicans (Strijbis et al., 2013). Therefore, we monitored 

Vav tyrosine phosphorylation in primary human granulocytes upon infection with OpaCEA 

protein expressing N. gonorrhoeae. Indeed, Vav was rapidly phosphorylated at Y174 

within 5-15 min upon infection (Figure 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 (10 µM PP2), Tec (100 

µM LFMA-13) or DMSO as solvent for 15 min prior to infection with CFSE-labelled OpaCEA-expressing 

gonococci. After 30 min of infection, internalized bacteria were determined by flow 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 at least three independent experiments. 

Statistical significance was determined using a paired, two-tailed Student's t-test (** p<0.01, *** p<0.001). 

(B) Primary human cells were isolated and pre-treated with indicated inhibitors as well as with the vehicle -

DMSO (10 µM PP2 and 100 µM LFM-A13). After inhibition-treatment granulocytes were infected for 15 

min with OpaCEA-expressing N. gonorrhoeae. Upon fixation, samples were processed for scanning electron 

microscopy (SEM). SEM images show human granulocytes in the process of opsonin-independent 

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 lamepodial protrusion are indicated with arrows at the site of infection. (C) Human granulocytes were 

infected with non-Opa or OpaCEA-expressing N. gonorrhoeae. Whole cell lysates (WCL) of human 

granulocytes infected at different times as indicated were probed against active phospho-Vav (pVav -pY174) 

or regular Vav. Infected human granulocytes were treated or not with Src or Tec inhibitors (10 µM PP2 and 

100 µM LFMA-13, respectively). Lysates were used in western blotting as indicated. 
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More importantly, inhibition of both Src PTKs as well as Tec kinases completely 

abrogated Vav tyrosine phosphorylation (Figure 3.6C) suggesting that Tec contributes to 

maximal CEACAM3-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 necessary for the efficient opsonin-independent 

phagocytosis and elimination of CEACAM3-binding bacteria by human granulocytes. 

3.5 Discussion 

Among myeloid Tec family kinases, Btk and Tec are well known PTKs in regulation 

calcium signaling following B-cell receptor activation (Fluckiger et al., 1998). Mutations 

of Btk can cause X-linked agammaglobulinemia (XLA) in humans (Satterthwaite et al., 

1998) or X-linked immunodeficiency (xid) in mice (Rawlings et al., 1993; Thomas et al., 

1993), resulting in defective responses to antigen receptor signaling which lead to altered 

development and defects in functional responses, including cellular proliferation, 

expression of activation markers, cytokine and antibody production as well as responses to 

infectious disease (Lewis et al., 2001; Satterthwaite and Witte, 2000). Previous in vivo 

studies with Tec kinase-deficient mice revealed that the absence of Tec kinase causes no 

major phenotypic alteration of the immune system. However, Tec/Btk double-deficient 

mice could show that both Tec kinases are functionally redundant and essential for B cell 

function and development (Ellmeier et al., 2000). On the other hand, Tec kinases are also 

involved in T-cell-receptor (TCR) signaling in response to antigen recognition and appear 

to be required for full phosphorylation and activation of PLC-ɔ, important for production 

and Calcium mobilization due to its enzymatic activity to generate IP3 and diacylglycerol 

(DAG) (Lewis et al., 2001; Rhee, 2001; Scharenberg and Kinet, 1998). Particularly, Tec 

kinase has been shown to be activated besides BCR (Kitanaka et al., 1998) by TCR/CD28-

mediated signals (Yang et al., 1999). In addition Tec family kinases also contribute to 

regulation of actin cytoskeletal rearrangements in response to antigen receptor and other 

signaling pathways. Further contributions of the Tec kinases to actin cytoskeleton 

regulation have been suggested from interactions with WASP (Baba et al., 1999; 

Guinamard et al., 1998; Sakuma et al., 2015) and Vav (Kline et al., 2001; Strijbis et al., 

2013; Takahashi-Tezuka et al., 1997). Former studies have been reported the interaction 

between Tec kinase and the GEF Vav via the TH domain (Machide et al., 1995) or the SH2 

domain of Tec (Takahashi-Tezuka et al., 1997).  
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Though Tec family kinases are known to be critical signaling components in lymphocytes 

downstream of the T- or B-cell receptor, their role in myeloid cells is less clear. Monocyte 

cells from XLA patients showed a defective CR3-, CR1-, and Fc-mediated phagocytosis 

and chemotaxis, where superoxide anion production was not affected by the deficiency of 

Btk (Amoras et al., 2003). Due to conflicting roles for Tec family kinases in regulation of 

TLR-dependent signaling in myeloid cells, a recent study has compared the 

phosphoproteome regulated by Tec kinases upon LPS stimulation in primary peritoneal 

and bone marrow-derived macrophages. The study is consistent with a model where Tec 

kinases (Btk, Tec, Bmx) are required for TLR-dependent signaling and distinctly regulated 

in many types of myeloid cells (Tampella et al., 2015). However, in granulocytes other 

functions such as chemotaxis, adhesion, production of reactive oxygen species, 

degranulation, inflammatory response as well as calcium mobilization have been shown to 

be dependent on Tec family kinase activity (Fernandes et al., 2005; Gilbert et al., 2003; 

Lachance et al., 2002; Mangla et al., 2004). Peculiarly, Tec kinase has also been shown to 

be activated in other hematopoietic cells by cytokine receptors for IL-3 (Mano et al., 1995; 

Takahashi-Tezuka et al., 1997; Yamashita et al., 1998), IL-6 (Takahashi-Tezuka et al., 

1997), stem cell factor (Tang et al., 1994), thrombopoietin (Yamashita et al., 1997), and 

GM-CSF (Yamashita et al., 1998).  

Albeit Tec family kinases are implicated in many signaling processes, their role in 

microbial infection remains elusive. From Tec kinases expressed in myeloid cells, BTK 

has been reported to be involved in TLR4-mediated activation of nuclear factor əB (NFəB) 

after LPS stimulation (Jefferies et al., 2003), in Listeria monocytogenes infection upon 

TLR2 activation (Koprulu et al., 2013) as well as in Dectin-1-mediated phagocytosis of 

Candida albicans (Strijbis et al., 2013). Moreover, Btk and Tec are involved in FcɔR-

mediated phagocytosis of IgG-RBC (Jongstra-Bilen et al., 2008). Recently, Tec kinase has 

been also reported to play a role in the immune response by macrophages upon fungal but 

not so far by bacterial pathogens (Zwolanek et al., 2014). Zowolanek and colleagues 

showed that Tec is responsible for the inflammatory response against Candida albicans 

infection regulated via Dectin-1. Interestingly, the Tec-dependent activation of the caspase-

8 inflammasome is phagocytosis-independent, indicating as well that Tec (opposite to Btk) 

might interact with Dectin-1 not by its phagocytic but in a sensing mode (Gringhuis et al., 

2012).  



Chapter I 

58 

 

Tec kinases have versatile roles reflected by their protein-protein and lipid-protein 

interaction modular structures (Qiu and Kung, 2000). They encompass four distinctive 

structural modules which recognize and bind to a variety of cellular factors to form signal 

complexes: 1) Pleckstrin homology (PH) domain located at the N-terminus (except for 

RIk). 2) Tec homology (TH) domain consisting of a Btk homology (BH) motif and of one 

or two Proline-rich (PR) regions. 3) Single Src homology (SH) domains SH2 and SH3. 4) 

Tyrosine kinase catalytic domain(SH1) (Smith et al., 2001). Tec family kinases have been 

shown similarities and differences with regard to activation in comparison to others non-

receptor PTKs. Tec kinases resemble those of the Src-family in regard to their 

submolecular make up; both are all auto-inhibited and regulated by extrinsic factors but 

their phosphorylation show different types of activation. Src kinases possess a graded 

switches pattern; they first have to be dephosphorylated on the C-terminal tail followed by 

the phosphorylation of the kinase domain. In addition, different signals like SH2 and SH3 

ligand binding also contribute to gradually increase kinase activity for full activation. On 

the other hand, Tec family 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 and binding to a linker between the SH2 and the kinase domains 

(phosphorylation switch ñAND-gradedò) (Bradshaw, 2010). Thus, multiple domains help 

to localize the kinase and regulate its activity. Unlike the Src kinases, the displacement of 

the surrounding domains is not sufficient to activate the Tec kinase, while an isolated Src 

kinase domain displays high activity, a solitary Tec kinase domain will be almost inactive 

(Bradshaw, 2010). In this regard, it can be assumed that upon SH2 binding, 

phosphorylation of the activation loop of the Tec kinase (Tyr 519) may occur more easily 

and the SH2-Kinase linker may get relocated to allow interaction with the kinase domain to 

establish activation. In particular, Tec kinases activation requires membrane localization, 

which for most Tec kinases is regulated by the interaction of the PH domain with PIP3, 

and subsequent tyrosine-phosphorylation by Src PTKs (Takesono et al., 2002). 

CEACAM3 represents an efficient phagocytic receptor, which allows the recognition and 

elimination of CEACAM-binding bacteria by human granulocytes. Therefore, the 

intracellular signaling connections of this protein are of particular interest to explain the 

rapid action of CEACAM3. The direct association of CEACAM3 with the SH2 domain of 

the regulatory subunit of PI3K activates the kinase at the plasma membrane and also leads 

to a strong increase of PIP3 levels in the vicinity of CEACAM3-associated bacteria, 

observed by the specific recruitment of fluorescently labeled PH domains (Booth et al., 
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2003). However, inhibition of the class I PI3K by wortmannin treatment (concentrations up 

to 200 nM) does not interfere with phagocytosis of CEACAM-binding bacteria by 

CEACAM3-transfected cell lines or by primary human neutrophils (Buntru et al., 2011). 

Thus, the PI3K-independent uptake of OpaCEA-expressing N. gonorrhoeae suggest a 

membrane recruitment of Tec kinase independently of PH binding to PIP3 as product of 

class I 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 Src PTKs which fully activate the Tec kinase. Therefore, upon 

bacterial infection, we propose that Tec kinase is targeted to the membrane via its SH2 

domain in a tyrosine phosphorylation dependent, but PIP3-independent manner to the 

CEACAM3-Hem-ITAM.  However, future studies are required to test the role of PI3K in 

the CEACAM3-initiated activation of Tec observed upon N. gonorrhoeae infection. 

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 polymerization 

of granulocytes are essential in lamellipodium formation for an efficient phagocytosis 

(Eddy et al., 2002). In this investigation, we find that a direct association of the Hem-

ITAM  of CEACAM3 with the cytoplasmic protein tyrosine kinase Tec contributes to 

CEACAM3-initiated functional responses of granulocytes. In particular, the Tec SH2 

domain binds to pY230 of CEACAM3-Hem-ITAM and this kinase is activated within 5 

min of CEACAM3 ligation. Tec kinase activity is responsible for maximal tyrosine 

phosphorylation of the GEF Vav, and contributes to bacterial internalisation and induction 

of an oxidative burst by the phagocytes. These observations provide direct evidence that 

Tec kinase is involved in CEACAM3-initiated actin cytoskeleton-based subcellular 

structures downstream Src PTKs activation.  

Taking into account that CEACAM3 signaling differs from canonical ITAM signaling, the 

Hem-ITAM -like sequence of CEACAM3 short-wires bacterial recognition and Rac 

stimulation via a direct association with the GEF Vav to promote actin reorganization, 

rapid phagocytosis and elimination of CEACAM-binding human bacterial pathogens 

(Hauck et al., 1998; Pils et al., 2012; Schmitter et al., 2007a). Previous studies have 

reported that association of Btk with Vav contributes to Dectin1-depedent Candida 

phagocytosis (Strijbis et al., 2013), as well as immunoprecipitation experiments have been 

demonstrated a specific binding of Vav to Tec kinase (Kline et al., 2001; Machide et al., 
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1995; Takahashi-Tezuka et al., 1997). Moreover, tyrosine phosphorylated Vav has been 

found constitutively associated with Tec (Yamashita et al., 1997) as well as Tec has been 

shown to enhance the GEF activity of Vav1 by an increase in GTP-bound Rac1 (Kline et 

al., 2001). Vav family members are GEFs that facilitate the exchange of GDP for GTP to 

activate members of the Rho GTPase family, such as Rac, which are involved in actin 

cytoskeleton reorganization (Bustelo, 2001; Crespo et al., 1997). In line with this, our 

results revealed a reduced tyrosine phosphorylation of Vav in the presence of Src and Tec 

PTKs inhibitors (PP2 and LFM-A13, respectively). Thus, it is likely that Tec participates 

in the active reorganization of the actin cytoskeleton for bacterial uptake by activating the 

GEF Vav as upstream regulator of the GTPase Rac. Furthermore, the specific granulocyte 

phenotype observed in the presence of the Tec inhibitor LFM-A13 could be explained by 

affecting phosphorylation of Vav and, therefore, impairing Rac activation for downstream 

cytoskeleton rearrangements. Remarkably, Tec kinases are known also to act on 

phospholipase C (PLC)-ɔ, thereby affecting downstream events such as DAG production 

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

cup (Scott et al., 2005; Strijbis et al., 2013). In consequence, we assume that these signal 

molecules could also be involved downstream of Tec activation during CEACAM3 Hem-

ITAM signaling, however, further studies are required to analyse Tec-dependant signaling 

pathways (Suppl. Figure 3.2). 

CEACAM3 coordinates signaling events that not only mediate bacterial uptake, but also 

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 activation of the NADPH oxidase 

(Diekmann et al., 1994; Dinauer, 2003; Schmitter et al., 2007a). Our data demonstrate that 

Tec kinase also influences the regulation of the oxidative metabolism in granulocytes. In 

this study, after Tec kinase is regulated in a protein-protein interaction directly with 

CEACAM3, 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 granulocytes such as actin cytoskeleton rearrangements, phagocytosis as well as the 

generation of reactive oxygen species by the NADPH oxidase (Bokoch and Diebold, 2002; 

Cox et al., 1997; Hauck et al., 1998). The rapid generation of ROS by granulocytes in 

response to CEACAM-binding bacteria depends on the activity of PI3K that is recruited to 

clustered CEACAM3 (pY230) via its SH2 domain (Buntru et al., 2011). Since PI3K 

activity regulates the neutrophil NADPH oxidase complex at several stages by 3´-
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phosphorylated phosphatidylinositides (Bokoch and Diebold, 2002; Hawkins et al., 2007), 

it is also known that the products of PI3Ks work particularly in cooperation with GTP-

loaded Rac to assemble a functional NADPH oxidase complex at the phagosomal 

membrane (Buntru et al., 2011) (Suppl. Figure 3.2).  

Our results reveal an unforeseen functional contribution of Tec kinase to the opsonin-

independent phagocytosis of bacteria by the granulocyte receptor CEACAM3. However, 

the capacity of the cytoplasmic tyrosine kinase Tec to regulate downstream proteins (which 

may contribute dependent or independently to the activation of Vav and PLC) in human 

granulocytes still to be solved. In addition, deciphering the coordination of the Tec-binding 

to the Hem-ITAM of CEACAM3 will require further studies to resolve the temporal 

patterns of kinase recruitment within a sequential and spatial distribution. Due to the lack 

of a transgenic animal model with specific expression of CEACAM3, experimentation in 

vitro with Tec knock out granulocyte-like cells will help to clarify the role of this kinase in 

the context of a signaling network driven by the innate immune receptor CEACAM3. 

  



Chapter I 

62 

 

3.6 Supplemental figures 

 
  

 

 

 

 

Suppl. Figure 3.1 Direct interaction of Hck-SH2 

domain with CEACAM3 is confirmed by FRET. (A)  
HeLa cells were co-transfected with expression plasmids 

encoding for CEACAM3-mKate and Hck-EGFP. Cells 

were infected with AF647-labeled OpaCEA-expressing N. 

gonorrhoeae at a MOI of 50 and fixed 30 min after 

infection. Confocal images show the recruitment of full 

length Hck to CEACAM3 at bacterial site represented with 

arrows. Enlarged images of the boxed region were 

recorded before and after photobleaching the mKate 

acceptor in a defined spot area. FRET was calculated as 

described under óMaterial and Methodsô (FRET efficency 

range from 0 % - 40 %). Images of the bleached area are 

presented in pseudo-color for better visualization. Scale 

bar 10 ɛm. (B) 293 cells were co-transfected with mKate-

tagged CEACAM3 together with the indicated EGF-

tagged constructs. Whole cell lysates (WCL) were 

analyzed by western blotting to verify expression of 

constructs used for FRET analysis (EGFP, Hck-EGFP, and 

Tec-EGFP as well as expression of CEACAM3-mKate). 
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Suppl. Figure 3.2 The role of the non-receptor protein tyrosine kinase Tec in CEACAM3 Hem-ITAM 

signaling. Upon receptor clustering by CEACAM-binding bacteria engagement (e.g. OpaCEA protein 

expressing Neisseria gonorrhoeae) CEACAM3 is tyrosine phosphorylated by the Src family kinases. Tec is 

recruited at the membrane and localized to the site of the activated receptor by binding of its SH2-domain to 

the pY230 of the CEACAM3-Hem-ITAM. The subsequent binding conformation facilitates the 

phosphorylation of Tec kinase by Src PTKs to complete activation. Fully activated Tec phosphorylates the 

Rac-GEF Vav leading to a dynamic 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 Nap1 facilitating the activation of the WAVE complex by the GTP-loaded Rac. 

Together, they orchestrate the f-actin reorganization and final lamelipodia formation during CEACAM3-

innitated phagocytosis. The SH2-domain of the p55 subunit of PI3K is also recruited directly to the pY230 of 

CEACAM3, whereas Syk might indirectly interact with CEACAM3. After bacterial uptake, downstream 

oxidative burst requires PI3K, Syk and GTP-Rac to regulate the assembly and activation of the NADPH 

oxidase complex for bacterial killing by human granulocytes. Furthermore, Tec kinase could possibly 

activate PLCɔ, leading to DAG production and PKC activation which might also contribute to bacteria 

internalization. 
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4.1 Abstract 

CEACAM3 is a peculiar member of the human CEACAM family exclusively expressed on 

neutrophils, and a well-known phagocytic receptor of human-restricted pathogens 

including Neisseria gonorrhoeae. This innate immune receptor exhibits a phosphotyrosine-

based (Hem-ITAM) signaling which promotes phagocytosis and killing of a diverse group 

of CEACAM-binding bacteria. So far, the study of the granulocyte CEACAM3 has been 

mainly by ex vivo / in vitro experiments due to the lack of a suitable in vivo standard model 

such as the mouse. To help in clarifying the in vivo role of this innate immune receptor in 

controlling infection by human-restricted bacteria and shed light on the CEACAM3 

signaling, a humanized transgenic mouse was generated to express exclusively 

CEACAM3. The CEACAM3 construct was cloned into a sleeping beauty transponson 

vector for an efficient genome insertion. The transgenesis model consist of a mKate fusion 

protein of CEACAM3 together with an intact 4 Kb long promoter region from a human 

bacterial artificial chromosome of the CEACAM3 gene. After microinjection of fertilized 

oocytes, mice were analyzed by southern blot. One out of two founder animals could 

survive and be bred. Unexpectedly, Genotyping indicated germ line transmission of the 

human transgene but with a frequency of transmission lower than 0.5. Transgenic mouse 

neutrophils were characterized and CEACAM3 expression was tested by flow cytometry 

and western blotting. However, CEACAM3 was strikingly undetected in mouse 

neutrophils. The lack of association with gonococci in functional assays and a failure to 

detect CEACAM3 mRNA by RT-PCR in samples from transgenic animals supported the 

idea, that the CEACAM3 transgene was silenced in these animals. For future studies of 

CEACAM3 and its contribution to the infection process in vivo, novel transgenesis 

techniques need to be applied. 

4.2 Introduction 

Carcinoembryonic antigen-related cell adhesion molecule 3 (CEACAM3), also known as 

CGM1 (CEA family member 1) or CD66d (Cluster of Differentiation 66d), is a human 

protein coding gene organized into the proximal CEA gene cluster of 250 Kb, relative to 

the centromere on the long arm (q) of chromosome 19 in the region 19q13.2 (orientation 

plus strand) (Brandriff et al., 1992; Nagel et al., 1993; Thompson 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 mediated through 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, the interaction between some human-adapted pathogens and 

neutrophils is also opsonin independent and facilitated by bacterial surface adhesins which 

specifically bind to the carcinoembryonic antigen-related cell adhesion molecule 

(CEACAM) family to colonize and infect different tissues in the human body (Barnich et 

al., 2007; Chen and Gotschlich, 1996; Chen et al., 1997; Gray-Owen et al., 1997b; Hill et 

al., 2001; Hill and Virji, 2003; Tchoupa et al., 2014; Virji et al., 1996). CEACAM-binding 

bacteria are known to bind four members of the CEACAM family (CEACAM1, 

CEACAM3, CEACAM5, CEACAM6) where three of them (excluding CEACAM5) are 

expressed on human granulocytes (Bos et al., 1998; Chen et al., 1997; Gray-Owen et al., 

1997a; Kuespert et al., 2006). However, CEACAM3 is restrictedly expressed on 

neutrophils and acts as a decoy receptor of the innate immune system to capture human-

restricted bacteria and initiate a potent bactericidal response (Buntru et al., 2012; McCaw 

et al., 2003; Pils et al., 2008; Sarantis and Gray-Owen, 2011; Schmitter et al., 2004). One 

of the difficulties of investigating CEACAM-mediated interactions has been the lack of 

naturally occurring human homologues in mammalian animals such as the mouse. Studies 

of CEACAM3 as a phagocytic receptor exclusively expressed on human neutrophils have 

traditionally been limited to ex vivo / in vitro analyses. Experimental work has 

demonstrated the contribution of this receptor to the innate immune response against 

human restricted bacteria like Neisseria gonorrhoeae, Haemophilus influenzae, and 

Moraxella catarrhalis (Hauck et al., 1997; Pils et al., 2012; Sarantis and Gray-Owen, 

2011; Schmitter et al., 2004; Schmitter et al., 2007a). During the last decades the signaling 

of CEACAM3 has been well described. Recently, CEACAM3 was proposed to harbor a 

functional hem-ITAM  instead of a canonical ITAM -like sequence. The phosphorylation of 

only one of the tyrosine residues (the membrane proximal Tyr230) within the Hem-ITAM 

is sufficient to provide a short wire for activation of several signaling factors to orchestrate 

a fast opsonin-independent phagocytosis and additionally to drive the bacterial clearance of 

human-restricted bacteria by human neutrophils (Buntru et al., 2012).  

Neutrophil granulocytes are the most abundant 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. However, due to their short half-life ex vivo (being 
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inherently pre-programmed to die by apoptosis) it is difficult to study neutrophilsô function 

by applying current techniques for genetic modification (McCracken and Allen, 2014). In 

this regard, immune response signaling pathways and effector functions of neutrophils 

have been preferentially study in genetically modified mice as a suitable in vivo model. 

Neisseria species are important Gram-negative bacterial pathogens from which Neisseria 

gonorrhoeae exclusively colonize human mucosal surfaces. CEACAM homologues can be 

found in all vertebrates (Chang et al., 2013; Kammerer et al., 2007) but only human 

CEACAMs are able to bind Neisseria gonorrhoeae in a Opa-dependent manner (Sarantis 

and Gray-Owen, 2007). Opa-CEACAM binding receptors (CEACAM3, CEACAM5, 

CEACAM6) have no identified murine orthologues and even though CEACAM1 is also 

expressed on mouse neutrophils, mouse CEACAM1 does not bind to Neisseria 

gonorrhoeae (Voges et al., 2010; Zebhauser et al., 2005). Different CEACAM transgenic 

mouse lines have already been used as in vivo models for studying the immune response to 

gonococci infection including the CEABAC mice expressing CEACAM3, CEACAM6 and 

CEACAM7 (Chan and Stanners, 2004; Gu et al., 2010). Albeit CEABAC mice expressed 

CEACAM3, the co-expression of other CEACAMs on granulocytes makes it almost 

impossible to determine the contribution of individual CEACAMs during the infection. To 

investigate specific neutrophil functions and provide a clear-cut system for CEACAM3-

mediated signaling in response to bacterial infection, we aimed to generate a humanized 

mouse expressing CEACAM3 on neutrophils. In addition, we wanted to combine 

CEACAM3 with a fluorescent mKate-tag to easily visualize CEACAM3 protein 

expression, subcellular localization and internalization during phagocytosis. The transgene 

included a 4 kb promoter region from the human CEACAM3 gene and should be integrated 

into the mouse genome via the Sleeping Beauty (SB) transposon system. The SB is an 

active vertebrate element (from transposons found in fish genomes) able to transpose in 

species other than the host from which it was isolated (Izsvak and Ivics, 2004). The SB had 

shown significantly higher activity in mammalian cells (mouse and humans) than any other 

transposon tested before (Aronovich et al., 2011). SB is a binary system consisting of a 

transposase and a DNA transposon vector in which the desired stretch of DNA is flanked 

by long terminal inverted repeats in a direct orientation (inverted repeat/direct repeat 

IR/DRs) that are recognized by the transposase, which is supposed to mediate an efficient 

genome insertion. (Fischer et al., 2001; Ivics et al., 2014; Izsvak et al., 2000). In this study 

we have successfully generated a transgenic mouse line harboring the CEACAM3 gene. 

However, intensive characterization of transgenic mouse neutrophils indicated that 
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CEACAM3 is not expressed. Despite repeated efforts, only a single founder animal 

encoding the transgene could be obtained and this transgenic line lacked expression of the 

transgene cassette. Our results point to potential deleterious effects of CEACAM3 cDNA 

expression in mice. The generated transgenic mice did not allow us to investigate the 

CEACAM3-mediated neutrophil response to infection; however, these results point to 

more suitable transgenesis strategies for future in vivo studies of this phagocyte receptor. 

4.3 Material and Methods 

¶ Reagents and Antibodies 

Monoclonal antibodies (mAbs); D14HD11 (suitable for western blot, reactivity profile 

with CEACAM1,3,5,6) was purchased from GENOVAC (Freiburg, Germany), COL-1 

(CD66-10) against CEA (specific cross-reactivity with CEACAM3) was from Invitrogen 

(Thermo Fisher Scientific) and CD66b (80H3) against CEACAM8 was from Immunotech 

(Beckman Coulter company). Rat mAb antibody against mouse GR-1(RB6-8C5) was from 

ImmunoTools (Friesoythe, Germany). MAb antibody against Vinculin (hVIN-1) was from 

Sigma-Aldrich (St. Louis, Missouri, USA). A rabbit polyclonal antibody, generated against 

formaldehyde-fixed N. gonorrhoeae and N. meningitidis (IG-511) was from Immunoglobe 

(Himmelstadt, Germany). MAbs against CEACAM 1,3,5 (18/20) and IgG1/IgG2 isotype 

(96/1) were purified from hybridoma cell supernatants obtained from DSHB (University of 

Iowa, IA). A rabbit polyclonal antibody against recombinant mKate was custom generated 

and affinity purified (Animal Research Facility, University of Konstanz, Germany). 

Conjugated monoclonal antibody against mouse Ly-6G/C (Gr-1-FITC) was kindly 

provided by Marcus Groettrup (Department of Immunology, University of Konstanz, 

Germany). Secondary antibodies were obtained from Jackson Immunoresearch (West 

Grove, PA).  

¶ Cloning into the transposon sleeping beauty system  

The Sleeping Beauty (SB) transposon vector pT2/BH was used to clone CEACAM3-

mKate tagged under a considered promoter region of 4 kb upstream of the CEACAM3 

coding sequence. The primer sequences used for cloning procedures are summarized in 

Table 4.1. The human CEACAM3 promoter sequence was amplified from human genomic 

DNA contained in the bacterial artificial chromosome (BAC) pBACe3.6 clone RP11-

343B1 (Osoegawa et al., 2001) obtained from the BACPAC Resource Center (Children's 
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Hospital Oakland Research Institute, Oakland, CA). Using pBAC e3.6 clone RP11-343B1 

as a template, the CEACAM3 promoter region including a 5ô-located NotI site was 

amplified with primers CC3 Promoter sense and CC3 Promoter anti NotI containing NotI 

restriction sites. The promoter sequence was cloned into the NotI site of the Sleeping 

Beauty (SB) transposon vector pT2/BH kindly provided by Jürgen Brosius (Center of 

Molecular Biology of Inflammation -ZMBE, University of Münster, Germany). The 

mammalian expression plasmid encoding CEACAM3-HA described before (Schmitter et 

al., 2004) was used to amplify the human CEACAM3-HA cDNA with primers CC3-HA 

NotI sense and CC3-HA EcoRI Reverse. Subsequently, the PCR product was inserted into 

the NotI/EcoRI sites of pT2/BH vector encoding the CEACAM3 Promoter region. Finally, 

mKate cDNA (kindly provided by D. Chudakov, Shemyakin and Ovchinnikov Institute of 

Bioorganic Chemistry, Moscow, Russia) was amplified using the primers mKate-polyA 

EcoRI sense and CEACAM4-polyA-HindIII - anti. The PCR fragment was inserted into the 

EcoRI/HindIII sites of pT2/BH vector encoding the CEACAM3 Promoter and 

CEACAM3-HA-mKate. All constructs were verified by sequencing after each cloning 

step. 

¶ Pronuclear microinjection of fertilized oocytes 

For production of oocytes, 8-12 weeks old FVB/NHsd female mice (Harlan Laboratories) 

were superovulated by injecting each donor mouse with 7.5 pregnant mares serum 

gonadotropin -PMSG (0.1 ml intraperitoneal), and 42 hours later 7.5 Human chorionic 

gonadotropin -HCG (0.1 ml intraperitoneal). Next day fertilized oocytes were collected 

after presence of the copulation plug. All female donors mice were euthanized by CO2 

exposure, their oviducts were collected in 2 ml M2 media (Specialty Media, Phillipsburg, 

NJ) in a 35 mm culture dish. Each oviduct was moved to a new dish containing M2 media 

and 0.3 mg/ml of the hyaluronidase. The ampullas of oviduct were open and oocytes 

released. Oocytes were washed 3 times in M2 media and transferred into a 150 µl drop of 

KSOM mouse embryo culture medium under embryo-tested mineral oil and kept at 37 °C, 

5 % CO2. 

For DNA microinjection, the purified pT2/BH-CEACAM3 construct was diluted to 4 ng/µl 

in TE buffer, and co-injected with a hyperactive transposase SB100x into both pronuclei of 

FVB/NHsd oocytes with the help of a Femtojet microinjector (Eppendorf) using the 

Diaphot 300 microscope (Nikon) and Narishige micromanipulators (Center of Molecular 

Biology of Inflammation -ZMBE, University of Münster, Germany), following a standard 
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protocol (Hogan et al., 1994). For one-cell stage embryo, manipulated oocytes which 

survived the microinjention were transferred surgically into the oviducts of 0.5 dpc (day 

post coitus) pseudopregnant foster female mice. 

Founder animals were backcrossed for at least 5 generations to BALB/c (Jackson 

laboratory). CEACAM3 transgenic strain was maintained by mating heterozygous 

transgenic mice (Tg/0) with wild-type (0/0) mice, aged 8-12 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 Germany. Mice were kept at 12 

hours light/dark cycle, at 21 °C and 55 % humidity. Pups were weaned at 19 to 23 days 

after birth, and females were kept separately from males. Mice were housed in standard 

IVC cages (groups of 4-6 animals) with 24 hours access to food and water. General health 

checks were performed regularly in order to ensure that any findings were not the result of 

deteriorating physical conditions of the animals.  

¶ DNA tail biopsy and Genotyping 

After DNA microinjection, genotyping of positive CEACAM3 transgenic mice was 

performed with mouse-tail DNA. Briefly, tails from 3-4 weeks old mice (5 mm) were lysed 

overnight at 56 ÁC in Lairdôs buffer (200 mM NaCl, 100 mM Tris-HCl pH  8.3, 5 mM 

EDTA, 0.2 % SDS) supplemented with proteinase K (100 µg/ml). Next day samples were 

extracted three times with water saturated phenol pH 7,5 and one time with chlorophorm. 

The aqueous phase was transferred in new tube and DNA was precipitated with 300 ml of 

isopropanol at RT. The DNA pellet was recovered by centrifugation, 14.000 rpm for 15 

min at 20 ̄C, washed with 80 % ethanol, dried and resuspended in 50 ml of MilliQ water.  

For southern blot analysis, 5 ɛg of genomic DNA was digested with EcoRI restriction 

endonuclease, fractionated on 0.8 % agarose gels, and transferred to GeneScreen nylon 

membranes (NEN DuPont). as described by (Khanam et al., 2007). After EcoRI digestion, 

DNA fragments of 2 Kb, 1.3 Kb and 3.2 Kb were expected. Membranes were hybridized 

with a 
32

P-labeled probe containing the transgene DNA fragments (6.5 kb) from the 

pT2/BH-CEACAM3. The labeled probe containing all transgenic sequences was washed 

twice with 0.5 × SSPE, 0.5 % SDS at 65 ÁC and exposed to MS film (Kodak) at ī80 °C 

overnight.  
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PCR analysis was performed by using 2 µl of genomic tail DNA into a final 20 µl reaction 

and a homemade Phusion 7x polymerase (Hauck laboratory, University of Konstanz, 

Germany). The primer sequences used for mice genotyping are summarized in Table 4.1. 

The amplification parameters were initiated at 98 °C for 3 min, then 98 °C for 10 s, 62 °C 

for 30 s, and 72 °C for 60 s for a total of 27 cycles, followed by 5 min at 72 °C for the final 

extension. 

¶ Bacteria 

The non-piliated MS11 strains expressing a CEACAM-binding Opa protein (strain N309-

Opa52, Ngo OpaCEA), or non-CEACAM-binding (strain N302-Opa negative, Ngo Opa-) 

bacteria (Kupsch et al., 1993b) were kindly provided by Thomas Meyer (Max-Planck-

Institute für Infektionsbiologie, Berlin, Germany) and cultured as previously described 

(Schmitter et al. 2004). Briefly, Neisseria strains were grown on GC agar plates (Difco 

BRL, Paisley, UK) supplemented with vitamins at 37 °C and 5 % CO2. For infection 

assays overnight grown bacteria were taken from GC agar plates and suspended in Plant 

Preservative Medium (PPM) with a final OD550 of 0.1. After 4 hours of inoculation the 

colony forming units (cfu) were estimated by OD550 was according to a standard growth 

curve. 

¶ 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 eye-drop blood or bone marrow.  

For isolation of white blood cells out from mouse peripheral blood, whole blood (5-7 drops 

taken out of the eye with a capillary) was placed directly in an EDTA microvette 

(Microvette 500 K3 EDTA, Sarstedt). 50 µl of blood was added to 450 µl ammonium 

chloride buffer (0.8 % NH4Cl in A. bidest + 0.1 mM EDTA buffered with KHCO3 pH 7.4) 

and incubated for 10 min with gentle shaking. Samples were centrifuged at 2000 rpm for 5 

min at 4 °C and the supernatant was removed. The pellet was taken up in 100 µl of 

ammonium chloride buffer and incubated for 10 min with gentle shaking. After incubation, 

1 ml of FACS buffer (2 mM EDTA, 5 % h.i CS in PBS, pH 7.4) was added to the solution 

and centrifuged at 2000 rpm for 5 min at 4 °C. Cells were washed once with FACS buffer 

and taken up in phagocyte buffer (0.9 mM CaCl2, 0.5 mM MgCl2, 5 mM Glucose, 1 % h.i 

FCS in PBS pH 7.4). 
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For bone marrow neutrophil isolation, 10-15 weeks old mice were anesthetized with 

Isofluran (Actavis) and killed by head-neck dislocation. Femur and tibia from both of hind 

legs were removed together with soft tissue attachments. Clean bones were placed in a 

Ca/Mg-free HBSS to avoid drying. The extreme distal tip of each extremity was cut off 

and bones were flushed with HBSS by using a short (1") 25 G needle and a 10 ml syringe. 

After dispersing cell clumps, the suspension was centrifuged at 1450 rpm for 5 min and 

resuspended in 6 ml of 0.2 % NaCl. After 45 s, the osmolarity was restored with 14 ml 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, resuspended in 5ml of HBSS supplemented with 0.5% 

h.i FCS. Cells were laid over 62 % Percoll (Sigma-Aldrich) diluted in HBSS (100% 

Percoll = nine parts of Percoll and one part 10x HBSSS) and centrifuged at 2300 rpm for 

30 min without breaking. A sharp interface above the 62 % 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 62 % Percoll were carefully removed and 

discarded. 2-3 ml of the 62 % gradient was left in the tube to avoid disturbing the 

neutrophil pellet. The 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 6 hours. Cell density was determined using a Neubauer counting 

chamber and adjusted according to experiments. 1 x 10
5
 isolated cells from peripheral 

blood or bone marrow were analyzed by cytospin centrifugation (Cellspin I-Tharmac, 3 

min at 1000 x g) followed by Hemacolor staining according to the manufacturerôs 

instructions (Merck Millipore). Cells were visualized and counted by bright-field 

microscopy (1000x).  

¶ CEACAM3 protein detection 

For immunofluorescence staining of CEACAM3, 1 x 10
6
 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 300 x g for 5 min and washed with FACS buffer (2 mM 

EDTA, 5 % h.i CS in PBS pH 7.4). Samples were incubated with respective antibodies for 

40 min. Neutrophil staining was conducted with mouse monoclonal antibodies (mAbs) 

against CEACAM3 (18/20 for mouse and COL-1 for human neutrophils) and the IgG 
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isotype control (96/1). In addition granulocyte markers where used in parallel (rat mAb 

against mouse Gr-1 and mouse mAb anti-human CEACAM8 -CD66b). All primary 

antibodies were used in a 1:100 dilution (in blocking solution). After 2 washes and 5 min 

of incubation in blocking solution, samples were stained with Cy2 anti-mouse or 

Rhodamine red anti-rat (1:200 dilution in blocking solution) for 20 min in the dark. 

Following 2 washes, samples were measured using the LSRII flow cytometer (BD 

Biosciences). 

293 cells (human embryonic kidney 293T cells) cultured in Dulbeccoôs modified Eagleôs 

medium (DMEM) containing 10 % CS and kept at 37 °C in 5 % CO2 were co-transfected 

by calcium-phosphate in a 10 cm culture dish with pT2/BH encoding CEACAM3-

promotor and CEACAM3-HA-mKate (5 µg) together or not with 3 µg of pcDNA3.1 

encoding the transcription factor PU.1-VS-His kindly provided by Mario Tschan 

(Department of Clinical Research, University of Bern, Bern, Switzerland) or 3 µg of empty 

pcDNA3.1 or encoding or not CEACAM3-HA (Pils et al., 2012). 48 hours after 

transfection, cells were trypsinized, washed with FACS and fixed with 4 % of 

paraformaldehyde in PBS. Cells were resuspended in a modified blocking solution (45 nM 

CaCl2, 35 nM MgCl2, 10 % h.i CS in PBS pH  7,4) and immunofluorescence staining was 

performed at RT as described previously using monoclonal antibodies (mAb) against CEA 

(Col-1) or IgG isotype together with secondary Cy2-antibody as previously for neutrophil 

staining. 

For Whole cell lyses of granulocytes, 1 × 10
6
 cells were pelleted in Eppendorf tubes and 

resuspended in 2x modified Laemmli sample buffer (SB) (62.5 mM Tris-HCl, pH 6.8, 4 % 

SDS, 5 % ɓ-mercaptoethanol, 8.5 % glycerol, 2.5 mM orthovanadate, 10 mM p-

nitrophenylphosphate, 10 ɛg/ml leupeptin, 10 ɛg/ml aprotinin, 0.025 % bromophenol blue) 

(Gilbert et al., 2002), and boiled for 7 min.  

Western blotting were performed as described previously (Hauck et al., 2001) CEACAM 

expression was tested by using a monoclonal D14HD11 antibody (cross-reactive with 

CEACAM3) or polyclonal mKate antibody. Whole cell lysates of transfected 293 cells 

with pcDNA3.1-CEACAM3-HA or pLPS3ômKate-CEACAM3 (Pils et al., 2012) and 

human promyelocytic leukemia (HL-60) cells were differentiated by all-trans retinoic acid 

(ATRA) into granulocyte-like cells as described before (Delgado Tascón et al., 2015). 
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¶ Granulocyte Phagocytosis and Oxidative burst 

Phagocytosis was determined by flow cytometry as described previously (Pils et al., 2006). 

Briefly, bacteria were stained with 5-(6) carboxyfluorescein-succinylester (CFSE) and 

primary cells were infected 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 ml-1 trypan blue to quench fluorescence of extracellular 

bacteria. The percentage of CFSE-positive 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 before (Buntru et al., 2011). 

Granulocytes were suspended in chemiluminescence buffer (8 g/l NaCl, 0.2 g/l KCl, 0.62 

g/l KH2PO4, 1.14 g/l Na2HPO4, 1 g/l glucose, 50 mg/l BSA, pH 7.2) containing luminol 

(20 ɛg/ml). Cells were infected at MOI 50 or 100, and PMA (1 ɛg/ml) was used as a 

positive control. Chemiluminescence was determined from 2 x 10
5
 cells per 96 well plate 

and measured every 2 min at 37 °C with a Varioskan Flash spectrofluorometer (Thermo 

Scientific). To determine the total amount of reactive oxygen produced, the response 

curves were exported to GraphPad Prism and the areas under the curves over 90 min were 

calculated. 

¶ Immunofluorescence staining for confocal microscopy 

5 x 10
5
 human mouse granulocytes were seeded onto Poly-L-Lysine (10 µg/ml in PBS) or 

mouse-serum (5 % in PBS) coated glass coverslips within 24 well plates. Cells were left to 

settle for about 20 min at 37 °C. Liquid cultured bacteria were used for PacificBlue 

staining (20 min of shaking incubation at 37 °C in the dark). After staining, bacteria were 

washed 3 times with PBS (4 min at 4000 rpm). Cells were infected with MOI 30, 

centrifuged for 3 min at 300 x g and incubated for 30 min at 37 °C. After infection, cells 

were carefully washed and fixed with 4 % 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 rabbit antibody against N. gonorrhoeae (IG-511) (1:50 

dilution in blocking solution) at RT for 1 hour in 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 blocking solution) 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 

anti-mouse Ly-6G/C (Gr-1)-FITC or (1:150 dilution in blocking solution) for mouse 
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granulocyte staining. For human granulocyte staining, cells were incubated with a CD66b 

(80H3) monoclonal antibody (1:100 dilution in blocking solution) for 45 min followed by 

secondary Cy2-antibody staining (1:200 dilution in blocking solution). Samples were 

washed 3 times and mounted onto glass slides with fluorescent mounting medium (Dako; 

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) 

¶ Detection of human CEACAM3 mRNA expression by RT-PCR  

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 (RNase-free DNase, Qiagen). Complementary DNA (cDNA) 

was synthesized from 2 ɛg of total RNA in a 20 ɛl reaction using the MMuLV reverse 

transcriptase and Oligo-dT primers. As a control for chromosomal DNA contamination, 

RNA was used directly for PCR amplification. The predesigned TaqMan
®
 assay used for 

expression of human CEACAM3 as well as primers for human glyceraldehyde 3-

phosphate dehydrogenase (hGAPDH) were described before (Delgado Tascón et al., 

2015). Primer sequences for mouse glyceraldehyde 3-phosphate dehydrogenase 

(mGAPDH) are listed in Table 4.1. Amplicons were visualized in 2 % agarose gel. 

Table 4.1. Primer l ist 

Amplicon Primer  Sequence 

Promoter CEACAM3 

(pT2/BH construct) 

CC3 Promoter sense NotI 5ô-ATAGCGGCCGCAGGCCTTCAT 

ATGCCTCTCCTGC-3ô 

CC3 Promoter anti NotI 5ô-ATAGCGGCCGCCTCTGCTGCC 

TGCTCTTTCCTCCTCTGTGGAAAAG

AGC-3ô 

CEACAM3-HA 

(pT2/BH 

construct/Genotyping) 

CC3-HA NotI sense 5ô-ATACATATAGCGGCCGCGCCA 

TGGGGCCCCCCTCAGC-3ô 

CC3-HA EcoRI Reverse 5ô-ATACGGCGCGAATTCAGCAGC 

GTAATCTGGAACGT-3ô 

mKate 

(pT2/BH 

construct/Genotyping) 

mKate-polyA EcoRI sense 5ô-GACAGGAATTCGTGTCTAAGGG 

CGAAGAGCTGA-3ô 

CEACAM4-polyA-HindIII - anti 5ô-ATAAAGCTTAGCCCCAGCTGGT 

TCTTTCCGC-3ô 

Promotor CEACAM3 

(Genotyping) 

sense-primer 1  

(position 2800) 

 

5ô-ATTTCCTGGGAGTAACTGAGAA 

TGAGGC-3 
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anti-primer 2  

(position 4400) 

5ô-ATTAGCACAGAAGCGATGTGTC 

TTTCTCAGG-3 

GAPDH 

(Genotyping) 

m GAPDH f 5ô-TGATGACATCAAGAAGGTGGTG 

AAG-3 

m GAPDH r 5ô-TCCTTGGAGGCCATGTAGGCC 

AT-3 

GAPDH 

(RT-PCR) 

GAPDH_mouse_sense 5ô-TGCACCACCAACTGCTTAG-3 

GAPDH_mouse_anti 5ô-GGATGCAGGGATGATGTTC-3 

GAPDH_human_sense 5ô-GAAGGTGAAGGTCGGAGTCA-3 

GAPDH_human_anti 5ô-TTGAGGTCAATGAAGGGGTC-3 

 

4.4 Results 

¶ Generation of Human CEACAM3 transgenic mice 

To create a humanize CEACAM3 mouse line, the human BAC library (Osoegawa et al., 

2001) was used to obtain an intact promoter region of the CEACAM3 gene. We used a 

pBACe3.6 vector clone RP11-343B1 with an insert size of 173.19 Kb, containing part of 

the proximal human CEA gene cluster (cytogenetic band: 19q13.2; location: 19:41678001-

41851189). This BAC vector harbored complete genes of CEACAM5 (CEA), CEACAM6 

and CEACAM3 genes (Figure 4.1A). Previously has been demonstrated an enhanced 

promoter activity of a 3 Kb fragment from the human CEACAM3 promoter region by 

using a luciferase reporter assay in response to the co-transfection of the PU.1 transcription 

factor (Delgado Tascón et al., 2015). Based on these observations, we considered a 4 Kb 

long sequence from the intergenic region between neighboring genes (CEACAM6 and 

CEACAM3) upstream of the CEACAM3 coding sequence, as promoter region (Figure 

4.1B).  

This 4 Kb sequence contained primarily binding sites of transcription factors and 

regulatory elements for myeloid differentiation (granulopoiesis) and neutrophil 

development (Bjerregaard et al., 2003). Sequence analysis showed that this sequence 

contained specific transcription factors binding sites that play important roles in regulating 

gene expression. For instance, the GATA-binding factor 1, which regulates the 

development of hematopoietic progenitors and differentiation of specific types of blood 

cells; the purine-rich binding sequence (PU.1) important in differentiation of 

granulocyte/macrophage progenitors; Forkhead box (FOXF2) involved in cell growth 
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regulation, proliferation and differentiation; Growth factor independence 1 (GFI-1) which 

is required for multilineage blood cell development, from stem and progenitor cells to 

differentiated lymphoid and myeloid cells (Figure 4.1C). 

 

 

Figure 4.1 Predicted CEACAM3-promoter region. Using Geneious R8 software (2005-2015, Biomatters 

Ltd.) reference sequences of genomic-DNA were visualized. (A) Genomic view of the genomic sequence 

(19q13.2; 19:41,678,001-41,851,189) contained in the pBACe3.6 RP11-343B1 vector. Insert size: 

173,189 Kb. This BAC clone encoded CEACAMs of the proximal human CEA gene cluster: CEACAM7 

(partially) and complete genes of CEA (CEACAM5), CEACAM6 and CEACAM3 (green) -besides some 

neighboring genes. (B) Intergenic sequence between neighbor genes CEACAM6 and CEACAM3 (~24 Kb -

Yellow). The sequence considered as promoter region consisted of 4 Kb long intergenic sequence upstream 

of the CEACAM3 transcriptional start site and ended before the start codon (Purple). Binding sites of 

regulatory elements were indicated as purple segments along the genomic sequence. (C) Close up of 

considered promoter region and binding sites of transcription factors. 

Furthermore, binding sites for key regulators of hematopoiesis; among others such as 

NFkB, USF-1, SRF, YY1, CTCF, were predicted within the putative 4 Kb CEACAM3 

promoter region. We then wondered whether the full promoter region considered in this 
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study would also drive the expression of CEACAM3 in vitro. Therefore, 293 cells 

expressing the pT2/BH CEACAM3 construct were co-transfected with a pcDNA3.1 vector 

encoding the myeloid transcription factor PU.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 of PU.1 (Figure 4.2A). However, in comparison to 

a constitutive mammalian promoter, such as cytomegalovirus -CMV, expression of 

CEACAM3 resulted much stronger (~10
3
 fold) under CMV promoter than under our 

considered promoter region (Figure 4.2B). 

¶ Sleeping Beauty-mediated CEACAM3 integration 

Since the Sleeping Beauty (SB) transposon system (Ivics et al., 1997; Ivics et al., 2004; 

Izsvak et al., 2000) has several advantages for transgenesis approaches such as enhanced 

transposition efficiency by using the novel hyperactive SB100X transposase (Jin et al., 

2011; Mates et al., 2009), safe random genomic insertion profile can be performed with no 

preferential integration into transcription units (Ammar et al., 2012; Grabundzija et al., 

2010; Ivics et al., 2014). Moreover, the SB transposon has no potential cross-mobilization 

between endogenous and exogenously introduced transposons due to the absence of SB-

related sequences from mammalian genomes. Thus, the SB-transposon system was chosen 

to generate humanized CEACAM3 mice. 

 

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.1. For flow cytometry, transfected cells were stained with mAbs: COL-1 for 
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CEACAM3 expression or IgG isotype as control. (B) 293 cells were transfected with the empty vector 

pcDNA3.1 or encoding CEACAM3-HA. Staining of cells with mAb COL-1 was conducted for CEACAM3 

expression. Flow cytometric measurements were calculated out of three independent experiments (A-B). 

 

Figure 4.3 Sleeping Beauty transposon system. (A) Schematic representation of the CEACAM3 construct 

and the corresponding restriction sites. The DNA insert is flanked by the SB left (L) and right (R) 

inverted/direct repeats (IR/DR). (B) Vector map of the CEACAM3 construct cloned into the pT2/BH 

transposon vector backbone (9.4 Kb) (C) DNA construct was purified and linearized (HpaI restriction site) 

for microinjection (2 µg/ml).  

The SB transposon pT2/BH vector harboring inverted/direct repeat (IR/DR) sequences was 

used to clone 4 Kb of the human CEACAM3-promotor together with the CEACAM3 

coding sequence and a C-terminal mKate-fusion (Figure 4.3A-B). Purified and linearized 

vector (HpaI digest) (Figure 4.3C) was microinjected into pronuclei of fertilized FVB 

mouse oocytes together with the hyperactive (SB100x) transposase to mediate recognition 

of the transposon DNA and consequently, the integration (via TA dinucleotide base pairs) 

into the mouse genome. A total of 330 oocytes were microinjected in two independent 

experiments (106 oocytes/04.04.2013; 223 oocytes/27.06.2013) with 5 and 9 embryo-

transfer operations, respectively. Through this procedure, 7 pups (first microinjection) and 

21 mice (second microinjection) were born. In order to check for integration events of the 
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human CEACAM3 in the germ line of the mice, southern blot analyses were performed. A 

6.5 Kb DNA fragment (excised by SalI/SacI digestion) from the pT2/BH-CEACAM3 

construct was employed as southern DNA probe (Figure 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 CEACAM3 positive (male mouse Nr 4, 

female mouse Nr 6) (Figure 4.4B). The positive transgene mouse Nr 4 had two high 

molecular bands of around 13-15Kb, 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 microinjection, surprisingly only 1 out of 21 was a 

positive transgenic mouse (male mouse Nr 9) (Figure 4.4C). Since, the mouse Nr.9 

showed four DNA fragments (2, 3, 4.3 and ~ 6.5 kb) we assumed it has integrated two 

copies of the CEACAM3 transgene. Mouse 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 BALB/c genetic background (Figure 

4.5A).  

Genotyping was performed by PCR with genomic DNA from 142 mouse-tail biopsies 

resulted in a germ line integration of the human CEACAM3 in about 39 % (Figure 4.5B). 

Hemizygous mice were identified with specific primers for CEACAM3, m-Kate and 

additionally for the considered promoter region (Table 4.1). The endogenous gene 

(GAPDH) was used as control of the extracted DNA (Figure 4.5C). Unexpectedly, the F1 

generation did not display a normal transmission frequency (0.5) for heterozygotes but 

rather a transmission frequency of ~0.4. Surprisingly, during mating the female founder 

Nr 6 became sick and died, therefore, only the male founder Nr 9 could be bred to maintain 

the transgenic strain. 
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Figure 4.4 Southern blot analysis of founder animals. (A) The CEACAM3 construct (6.5 kb) was used to 

generate the labeled DNA-probe for southern blot analysis. After genomic DNA EcoRI digestion, DNA 

fragments were resolved by pulsed-field gel electrophoresis (PFGE). Southern blot analysis of DNA-

extracted from tail biopsies were performed with 7 or 21 FVB/N born animals after the first (B) or second 

(C) microinjection (respectively). Wildtype (Wt) mice were used as a negative control. As indicated in (B), 

three bands were detected from the female mouse Nr 6: 6.5 Kb (undigested DNA fragment), 2 Kb (detecting 

CEACAM3) and a 4.3 Kb (5' end + 3' end) resulted from a concatemer of head-to-tail configuration, from the 

promoter region (5ô end) and the mkate-tag (3ô end). Male mouse Nr 4 showed two bands: 13 Kb and 15Kb 

bands from the head-to-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 Kb (detecting CEACAM3), 

3 kb (detecting promoter region) and a 4.3 Kb (5' end + 3' end) due to the head-to-tail configuration of 2x 

DNA copies (by combining sizes of the expected bands); together with a 6.5 Kb band of undigested DNA 

construct. 
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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 (Tg / 0) with BALB/C wildtype (0 / 0) mice. 

(B) Using genomic DNA from tail biopsies, 132 animals were genotyped by PCR analysis revealing a ratio 

of 62:38 of wildtype to transgenic animals. (C) PCR products were detected on agarose gels showing 

amplicons for promoter (1600 bp), CEACAM3 (800 bp), mKate (1000 bp) and GAPDH (240 bp). Lanes 

(from left to right): DNA marker (M), founder transgenic mouse (Tg), wildtype mouse (Wt) and 9 F1 

generation mice. 
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¶ Isolation of morphologically mature mouse-neutrophils 

After 5 generations of backcrossing BALB/c genetic background, transgenic mice as well 

as wildtype 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 neutrophils (Boxio et al., 2004). To obtain a first 

insight on the hematology of the CEACAM3 transgenic mice, isolated leukocytes 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 

erythrolysis-based preparation. Cells showed three types of cells where lymphocytes were 

slightly more abundant than granulocytes, followed by monocytes the WBC population. 

Transgenic and wildtype WBC showed the same tendency (Figure 4.6A).  

 

 

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 mouse eye (A) or by 

centrifugation using a single-layer Percoll (62 %) from bone marrow (B). 1 x 10
5
 of total isolated cells were 

used for cytospin preparations stained by Hemacolor. Myeloid 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 bright-light 
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microscopy (1000x). Cells were counted in 3 defined areas of 4 independently performed experiments. Mean 

± SEM. Scale bar 20µm. 

Since mouse blood is very limited (Serrander et al., 2000). Myelopoieitc cells were isolated 

from bone marrow by using a percoll density gradient (62 %). Segmented and band 

neutrophils were the most abundant cells, 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 

precursors (Cowland and Borregaard, 1999), mature 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 similar size (diameter 10-12 

µm) and a donut-shaped segmented nucleus typical for mouse neutrophils with a similar 

patter distribution of cells (Figure 4.6A-B). Peripheral blood is not 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 reaches 6-25 % (1-

1.5  x  10
6 

cells/ml) in the mouse blood (Pruijt et al., 2002). In contrast, a much more 

convenient source of PMNs is bone marrow, which allowed us to extract 10-fold more 

neutrophils (1-5 x 10
7 

cells/ml). According to these values and the morphologic features 

we successfully isolated mature granulocytes from peripheral blood as well as bone 

marrow. 

¶ No protein expression of CEACAM3-mKate in generated transgenic mice 

In order to characterize the humanized mouse neutrophils we investigated whether these 

mice express a functionally CEACAM3 protein. Because protein expression pattern might 

change during development and maturation of neutrophils we decided to check for 

CEACAM3 expression in peripheral blood or bone marrow and compare it to the 

expression of human granulocytes (Figure 4.7). Taking into account that a mixed 

population of leukocytes is also obtained after erythrolysis of blood cells, we decided to 

use a Gr-1 antibody as granulocyte marker for cytometric measures.  

For CEACAM3 staining of mouse neutrophils we chose the mAb 18/20, a widely used 

antibody for flow cytometry. Because of the lack of other human CEACAMs in mouse 

neutrophils mAb18/20 recognizes specifically CEACAM3 (Figure 4.7A). To detect 

CEACAM3 in human neutrophils where other human CEACAMs are expresses, we used a 
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monoclonal CD66 antibody (COL-1, CD66-10) with reactivity against CEA (CEACAM5) 

and CGM1 (CEACAM3) (Kuroki et al., 1995). Since CEACAM5 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 cell-size/granularity plots (forward and side scatter FCS / SSC, 

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 

fluorescence (right shift) from the mouse granulocyte marker (Gr-1-Rhodamine) as well as 

the human granulocyte marker (CD66b-Cy2). However, CEACAM3 expression could only 

be detected in human but not in mouse granulocytes. 

Considering that CEACAM3 was fluorescently mKate-tagged 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 analysis (Figure 4.8). Lysates of 

human CEACAM expressing cells (isolated human neutrophils, differentiated HL-60 cells 

or transfected 293 cells) were probed together with lysates of isolated mouse neutrophils 

(transgenic and wildtype) against CEACAM (mAb DH14H11) (Figure 4.8A). Moreover, 

lysates obtained from neutrophils isolated from mouse as well as lysates from CEACAM3-

mKate transfected 293 cells were employed for mkate blotting (Figure 4.8B). Neither 

expression of CEACAM3 (30 KDa) nor mkate (26 KDa) could be detected in transgenic 

mouse neutrophils. 

¶ Transgenic mouse neutrophils do not reponse to gonococcal infection 

Due to the low protein content of granulocytes and the low expression of CEACAM3, it is 

a possible scenario that CEACAM3 expression in mouse neutrophils was very weak that 

we were not able to detect it in former experiments. To rule out this hypothesis we 

performed phagocytic assays. Activation of CEACAMs upon binding of human-specific 

pathogens has been well described (Gray-Owen et al., 1997b; Hauck, 2002; McCaw et al., 

2004; Sarantis and Gray-Owen, 2011). Gonoccal infection is facilitated by opacity-

associated (Opa) adhesin proteins mediating the interaction of bacteria to human 

CEACAMs (Hauck and Meyer, 2003). CEACAM3 has been shown to efficiently trigger an 

opsonin-independent phagocytosis and elimination of CEACAM-binding bacteria such as 

Neisseria gonorrhoeae (Buntru et al., 2012; Sarantis and Gray-Owen, 2007).  
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Figure 4.7 Analyses of CEACAM3 mouse granulocyte expression by flow cytometry. 1 x10
5
 isolated 

cells were stained with mAbs against mouse GR1 or human CD66b (as granulocyte markers) and 

CEACAM3 or isotype control coupled to the indicated fluorophores for flow cytometry. Analysis of isolated 
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mouse leukocytes from peripheral blood (A) or bone marrow (B) as well as human isolated granulocytes 

from peripheral blood (C) were considered by gating whole cell population based upon size (FSC) and 

granularity (SSC). Proper population was confirmed by fluorescence staining of respective granulocyte 

markers and granulocytes were stained for CEACAM3 expression. In parallel, non-specific background 

fluorescence was controlled in all samples by IgG isotype staining.  

 

 

Figure 4.8 Western blot analyses of CEACAM3 expression. (A) Lanes (from left to right) of Whole cell 

lysates (WCL): polymorphonuclear leukocytes (PMNs) isolated from human, wildtype (Wt) mouse, 

transgenic (Tg) mouse, ATRA-differentiated (diff.) HL-60 cells into granulocyte-like cells and CEACAM3-

HA transfected 293 cells. Samples were probed with mAbs against human CEACAMs (clone D14HD11, 

reactivity profile with CEACAM1,3,5,6) and vinculin as loading control. CEACAM1 (160 KDa), 

CEACAM3 (27 KDa), CEACAM6 (90 KDa). (B) WCL of isolated mouse PMNs from wildtype and 

transgenic mice as well as 293 cells expressing mkate tagged CEACAM3 (CEACAM3-mKate) were used for 

western blotting and stained as indicated. CEACAM3-mKate (55 KDa), mKate (26 KDa). 

In this context, we carried out experiments with bacteria expressing a CEACAM-binding 

Opa protein (Ngo OpaCEA) or a non-CEACAM binding strain (Ngo Opa-) for bacterial 

uptake mediated by CEACAM3. Since 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 are also reported to have a longer survival 

in culture (Boxio et al., 2004). Bacteria were fluorescently stained with CFSE prior to 

infection. CEACAM3-mediated phagocytosis is recognized for a fast bacterial ingestion 

but to ensure the bacterial uptake of mouse neutrophils, they were infected for 30 and 60 

min. Internalized bacteria were measured by flow cytometry after quenching of bound 

extracellular bacteria with trypan blue (Figure 4.9A). In addition, granulocytes were fixed 

after 1 hour of infection and cells were stained for fluorescence microscopy (Figure 4.9B).  

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

infected with OpaCEA or non-Opa expressing Neisseria. As expected, using the same 
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experimental setup only a clear uptake of OpaCEA-expressing N. gonorrrhoeae was 

measured in isolated human neutrophils by flow cytometry (Figure 4.10A). These results 

were also visualized by confocal microscopy (Figure 4.10B). Neutrophils as professional 

phagocytes are commonly known for their antimicrobial response. One feature of 

neutrophil response against bacteria is the production ROS, termed oxidative burst. 

Activation of the neutrophil NADPH oxidase, which catalyzes the early step of ROS 

production by superoxide formation has been reported to be coordinated by CEACAM3-

signaling effector proteins (Buntru et al., 2011). To further elucidate whether neutrophils 

from transgenic mice are able to generate an oxidative burst in response to gonococcal 

infection, isolated neutrophils were infected with Ngo OpaCEA or Opa- at different 

multiplicity of infection (MOI 50 or 100). Cells were also stimulated with the inducer 

PMA as CEACAM3-independent to ensure proper cell response (Figure 4.11A). 

Surprisingly, only mouse neutrophils stimulated by PMA showed oxidative response. In 

contrast, human neutrophils trigger an OpaCEA-dependent ROS production in response to N. 

gonorrhoeae increased at higher MOI 100 (Figure 4.11B). Taken together, previous 

experiments confirmed that our humanized CEACAM3 mouse model did not functionally 

expressed CEACAM3 in mouse granulocytes. 

¶ The generated transgenic mouse model do not functionally express CEACAM3  

According to previous data, mouse neutrophils were correctly isolated but CEACAM3 

protein expression could not be detected in transgenic mice, although a successful insertion 

of the gene was confirmed. These results suggest an eventual misregulation of protein 

transcription or a misfolding of the CEACAM3-mKate 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 synthesis, we performed a reverse transcription PCR 

(RT-PCR) with extracted total RNA from mouse and human neutrophils (Figure 4.12). 

Intact mRNA extraction was confirmed by mRNA expression of GAPDH as a 

housekeeping gene. However, by using a predesigned Taqman-probe specific for 

CEACAM3 (Life Technologies), no CEACAM3 mRNA expression could be detected in 

transgenic mice. 
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Figure 4.9 Transgenic mouse neutrophils do not exhibit phagocytic activity upon gonococcal infection. 

Mouse granulocytes isolated from bone marrow were infected with N. gonorrhoeae expressing or non-

expressing Opa protein (Ngo OpaCEA or Ngo Opa-) at MOI 30. (A) Bacterial uptake of CFSE-stained bacteria 

was measure by flow cytometry at 30 min or 60 min after infection. Trypan blue was added to the cell 

suspension previously before measurements for quenching fluorescence of extracellular bacteria. (B) 

Confocal microscopy of fixed cells after 30 min of infection with PacificBlue-stained bacteria (blue channel). 

Granulocytes were stained with mAb anti-Gr-1 antibody (green channel) and extracellular bacteria were 

stained with mAb anti-Opa antibody (red channel). Scale bar 10µm. 
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Figure 4.10 Phagocytosis of OpaCEA-expressing N. gonorrhoeae by human neutrophils. Isolated 

granulocytes from human peripheral blood were infected with OpaCEA or non-Opa expressing N. gonorrhoeae 

(Ngo OpaCEA, 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 30 min of infection with PacificBlue-stained bacteria (blue 

channel). Granulocyte staining was performed with mAb anti-CD66b (green channel) and extracellular 

bacteria with mAb anti-Opa (red channel). Intra or extracellular bacteria are indicated with arrows or 

arrowheads respectively. Scale bar 10 µm. 
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Figure 4.11 Gonococci do not trigger oxidative burst in transgenic mouse neutrophils. Isolated 

polymorphonuclear leukocytes (PMNs) from wildtype (Wt) and transgenic (Tg) mouse bone marrow (A) or 

human peripheral blood (B) were infected at MOI 50 or 100 with OpaCEA or non-Opa expressing N. 

gonorrhoeae (Ngo OpaCEA, Ngo Opa-) or exposed to PMA. ROS released by PMNs were measured every 2 

min over 100 min, by using a luminol-dependent chemiluminescence. 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 calculated by the area under the curve. 

 

 

Figure 4.12 No detection of CEACAM3 mRNA in transgenic mice. Reverse transcription PCR (RT-PCR) 

was performed with total RNA extracted from isolated granulocytes. Lanes (from left to right): DNA marker 
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(M), mouse neutrophils from wildtype (mWt) or transgenic (mTg) animals and human neutrophils (h). 

Synthesized cDNA was used for amplification of housekeeping gene GAPDH or human CEACAM3. 2 % 

agarose gels show PCR products of CEACAM3 (65 bp), hGAPDH (117 bp) and mGAPDH (177 bp). 

4.5 Discussion 

CEACAM3 is a single chain decoy receptor, which not only recognizes a particular set of 

human-adapted bacteria, initiating the opsonin-independent phagocytosis, but also 

mediates the bacterial response by human granulocytes. Up to date, humanized mice allow 

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 to study in vivo 

multiple types of human immune responses and test potential therapeutics that modulate 

human immunity. In this context, a transgenic mouse model expressing CEACAM3 has 

been already reported (CEABAC mice) however, the multi-CEACAM expression 

(CEACAM3, CEACAM6, CEACAM7) on granulocytes has not allowed the investigation of 

individual CEACAM contributions to the immune response upon infection (Chan and 

Stanners, 2004). To address in vivo the specific function of CEACAM3 we generated a 

transgenic mouse, which integrated a transgenic cassette containing a mKate-tagged 

CEACAM3 coding sequence downstream of a considered 4 Kb promoter region from the 

human CEACAM3 gene. We have previously confirmed the promoter activity of this 

region in 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 CEACAM3 or expression 

of the fluorescent reporter mKate. The generated CEACAM3 transgenic mice failed to 

transduce an immune response against gonococcal infection. Functional stimulation of 

transgenic neutrophils, like phagocytosis or oxidative burst, could not be observed.  

Using the Sleeping beauty transposon system, routinely around 40-70% of transgenic 

efficiency is reached after injections with the hyperactive transposase (Mates et al., 2009). 

Unexpectedly, the ratio of born animals was very low and only two animals resulted to 

have successfully integrated the human transgene. We suspect that CEACAM3 could lead 

to lethality because of the unexpectedly low frequency of obtained founder animals and 

since the only founder which survived (male Nr. 9) did not express the transgene. 

Unfortunately, the second animal died prematurely and due to the unexpected situation 
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organs or tissue samples from this female founder animal could not be kept or preserved 

before damage, so further analysis into the cause(s) of this animalôs death could not be 

performed.  

Breeding of the single remaining male founder animal demonstrated a successful germ line 

transmission of the transgene; however, mating heterozygous offspring males with 

wildtype female mice generated a low transgene transmission with less than 50% (~39%). 

The low transmission rate of the gene could again indicate that the human transgene has a 

detrimental effect during embryonic development. However, since no protein expression of 

CEACAM3 as well as no activation of mouse granulocytes in response to human-restricted 

bacteria was detectable, we can only envision a scenario, where the CEACAM3 transgene 

in this mouse line is integrated into a silent gene 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 CEACAM3 transgenic animals is in line with our finding that, 

CEACAM3 mRNA could not be detected via RT-PCR in blood cells from the transgenic 

mouse line.  

On one hand, we suspect that CEACAM3 expression affected the survival of transgenic 

mice. On the other hand, despite the functional activity of the selected 4 Kb CEACAM3 

promoter fragment observed in vitro in 293 cells, we cannot rule out that this promoter 

region might have been insufficient to drive expression of human CEACAM3 in vivo. 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 the CEACAM3 coding sequence. Although promoters are generally 

located upstream of the transcription start site in about 0.1-1 Kb long (Ignatieva et al., 

2014), we cannot rule out that the considered promotor could lack critical regulatory 

regions required for tissue-specific CEACAM3 regulation. Chromatin 

immunoprecipitation sequencing (ChIP-seq) is currently used for analysis of protein-DNA 

interactions to determine locations of binding sites for almost any protein of interest. 

Interestingly, between 20 Kb upstream and 10 Kb downstream of the CEACAM3 open 

reading frame, ten transcription factors were identified (DECODE ChIP-seq, Qiagen). 

They include AREB6, Elk-1, GCNF, GCNF-1, GCNF-2, NRSF form 1, NRSF form 2, 

Nkx5-1 together with binding sites of GATA-1 and FOXF2. Based on these predictions, 

TFs and regulatory elements importantly to drive an endogenous-like expression were not 
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included in our strategy, as well as regulatory elements within the CEACAM3 intronic 

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 regulation (Chan and Stanners, 2004). Therefore, any eventual 

misregulation of CEACAM3 expression, due to the lack of neighboring CEACAMs in our 

transgenic mice cannot be excluded. 

Recently, gene targeting techniques have been extensively improved by using engineered 

clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9 in mouse 

transgenesis (Cho et al., 2006; Kaneko and Mashimo, 2015; Platt et al., 2014; Shen 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 from a non-critical locus, which 

through homologous recombination are specifically integrated as a single copy. This is 

important because the gene will achieve biological (i.e. natural) expression patterns and 

levels. However, specific locus for granulocyte-restricted expression has not been reported. 

Because BAC vectors are able to encompass most mammalian genes including open 

reading frame and most regulatory sequences (Copeland et al., 2001; Yu et al., 2000), BAC 

recombineering has been widely used to generate transgenic mice expressing a variety of 

reporters (Gong et al., 2003; Lobo et al., 2006) or epitope tagged-proteins (Bateup et al., 

2008) driven by speciýc endogenous promoters. This transgenic models use random 

integration, meaning that the desired gene could end up anywhere in the host genome. 

However, the advantage is that the desired gene might be placed under its own promoter, 

leading to an endogenous-like expression and phenotype, which can is ideally for disease 

models. For future studies, in order to achieve a more reliable expression pattern and 

circumvent possible negative effects of the transgene in embryonic development we 

propose to use novel technologies for the generation of conditional transgenic mice. 

Conditional and inducible gene modifications, which offer a temporal and cell-specific 

control, could be beneficial in order to circumvent lethal effects (Fang et al., 2012; Henry 

et al., 2009; Muthusamy et al., 2014; Thorens et al., 2015). 
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5.1 Abstract 

Human granulocytes express several glycoproteins of the carcinoembryonic antigen-related 

cell adhesion molecule (CEACAM) family. One family member, CEACAM3, operates as 

a single chain phagocytic receptor initiating the detection, internalization, and destruction 

of a limited set of gram-negative bacteria. In contrast, the function of CEACAM4, a 

closely related protein, is completely unknown. This is mainly due to a lack of a specific 

ligand for CEACAM4. By generating chimeric proteins containing the extracellular 

bacteria-binding domain of CEACAM3 and the transmembrane and cytoplasmic part of 

CEACAM4 (CEACAM3/4) we demonstrate that this chimeric receptor can trigger 

efficient phagocytosis of attached particles. Uptake of CEACAM3/4-bound bacteria 

requires the intact immunoreceptor tyrosine-based activation motif (ITAM) of CEACAM4 

and this motif is phosphorylated by Src family protein tyrosine kinases (PTKs) upon 

receptor clustering. Furthermore, SH2-domains derived from Src PTKs, 

phosphatidylinositol 3ô kinase, and the adapter molecule Nck are recruited and directly 

associate with the phosphorylated CEACAM4 ITAM. Deletion of this sequence motif or 

inhibition of Src PTKs block CEACAM4-mediated uptake. Together, our results suggest 

that this orphan receptor of the CEACAM family has phagocytic function and prompt 

efforts to identify CEACAM4 ligands. 

5.2 Introduction 

The innate immune system provides early detection and elimination of potentially harmful 

microbes. It has become clear that evolutionary conserved, germ-line encoded factors 

respond to molecular patterns generally associated with microorganisms (Pinheiro and 

Ellar, 2006). One important family of pattern recognition molecules are the Toll-like 

receptors (TLRs) that are not only expressed by hematopoietic cells, but also found on 

cells outside of the immune system including epithelial or endothelial cells (Takeda et al., 

2003). TLRs allow both immune and non-immune cells to generate danger signals, which 

direct innate and acquired immune defenses to 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, C-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 fungi (Areschoug and Gordon, 2008, 2009). Besides these 

broadly responsive systems, it has become clear that innate immune cells also express 

additional germ-line encoded receptors that are tailored toward particular subsets of host-

associated pathogens. An example is found in a group of mammalian receptors of the 

immunoglobulin family, the carcinoembryonic antigen-related 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 lineages (Kammerer et al., 2007). This diversity becomes most 

evident, when comparing the number of CEACAM genes encoded in published genomes 

(Kammerer and Zimmermann, 2010). In humans, there are 12 members of the CEACAM 

family, which are expressed in several tissues (Hammarstrom, 1999; Kuespert 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 variety of additional 

cell types. In contrast, several members are restricted to hematopoietic cells, e.g. 

CEACAM3, CEACAM4, and CEACAM8 have only been reported from human myeloid 

cells. In particular, CEACAM3 (initially termed CGM1 or CD66d) is known to mediate 

the opsonin-independent recognition and phagocytosis of a limited set of human-restricted 

bacterial pathogens. For example, strains of Neisseria gonorrhoeae, which express 

CEACAM-binding adhesins of the opacity associated protein family (OpaCEA proteins), are 

recognized by this glycoprotein (Chen and Gotschlich, 1996; Hauck et al., 1998; Schmitter 

et al., 2004). Therefore, CEACAM3 functions as a single-chain phagocytic receptor that 

provides the innate immune system 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 tyrosine-based activation motif 

(ITAM) -like sequence (McCaw et al., 2003; Schmitter et al., 2004). Previous work has 

demonstrated that this motif is critical to provide CEACAM3 with efficient phagocytic and 

bactericidal properties (Buntru et al., 2011; Schmitter et al., 2007b).  

Interestingly, the human genome encodes an additional CEACAM family member with a 

domain structure closely resembling CEACAM3 (Kuroki et al., 1991). During the revision 

of the CEA family nomenclature this CEACAM3-related protein, that had been initially 

designated W236 or CGM7 (Kuroki et al., 1991; Kuroki et al., 1995), has been renamed 

into CEACAM4 (Beauchemin et al., 1999). 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., 1991) and its mRNA has not been detected in a variety of different 
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epithelial, neuronal or mesenchymal tumor cells (Thompson et al., 1993). Similar to 

CEACAM3, CEACAM4 has a single IgV-like extracellular domain and its cytoplasmic 

part contains an ITAM sequence (Pils et al., 2008). However, the physiological function of 

CEACAM4 is unclear 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 bacteria-binding extracellular domain of CEACAM3, the intact 

transmembrane and intracellular domains of CEACAM4 mediate efficient uptake of 

OpaCEA protein-expressing N. gonorrhoeae into transfected cells. Bacterial internalization 

is accompanied by tyrosine phosphorylation of CEACAM4 and depends on the integrity of 

the cytoplasmic ITAM sequence. Upon Src family kinase-mediated phosphorylation, 

tyrosine residues of the CEACAM4 ITAM associate with SH2 domain containing 

cytoplasmic proteins involved in signaling processes during phagocytosis. Our results 

suggest that the orphan receptor CEACAM4 serves a phagocytic function in human 

granulocytes and they provide impetus to identify CEACAM4 ligands. 

5.3 Material and Methods 

¶ Cell culture and differentiation of HL60 cells 

Human embryonic kidney epithelial 293T cells (293 cells) were cultured in Dulbeccoôs 

modified Eagleôs medium (DMEM) containing 10 % CS. Human promyelocytic leukemia 

HL-60 cells were grown in RPMI 1640 medium supplemented with 10 % fetal bovine 

serum (10 % FCS). Cells were grown at 37 °C in 5 % CO2 and subcultured every 2-3 days. 

For in vitro differentiation, HL60 cells at a density of 5 x 10
5 

- 1 x 10
6
 cells/ml were 

cultured in the presence of 1 µM all-trans retinoic acid for 6 days with the medium 

replaced once after three days. 

¶ Bacteria 

Neisseria gonorrhoeae non-piliated MS11 strains expressing a CEACAM-binding Opa 

protein (strain N309; Ngo OpaCEA), or non-CEACAM binding (strain N302; Ngo Opa-) 

variants (Kupsch et al., 1993a), and Neisseria meningitidis H44/76 (serotype B strain 

N687) (de Vries et al., 1996) were kindly provided by Thomas Meyer (Max-Planck-Institut 

für Infektionsbiologie, Berlin, Germany). Neisseria were grown on GC agar plates (Difco 

BRL, Paisley, UK) supplemented with vitamins at 37 °C, 5 % CO2 and subcultured every 

day using a binocular microscope. Moraxella catarrhalis (strain 9143) and Haemophilus 
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aegyptius (strain 21187) were obtained from the DSMZ (Deutsche Sammlung von 

Mikroorganismen und Zellkulturen, Braunschweig, Germany). Moraxella and 

Haemophilus were grown on BHI agar plates at 37 °C, 5 % CO2. For infection, overnight 

grown bacteria were taken from GC agar plates, suspended in PBS, and colony forming 

units (cfu) were estimated by OD550 readings according to a standard curve. In some cases, 

bacteria were labeled prior to infection with 0.2 µg/ml of PacificBlue- or CFSE (Invitrogen 

Carlsbad, CA) in PBS for 15 min at 37 °C under dark and washed three times with PBS 

before use. 

¶ Recombinant DNA constructs 

Mammalian expression plasmids encoding GFP-tagged and mKate-tagged versions of 

CEACAM3 have been described previously (Buntru et al., 2011; Pils et al., 2012). 

Constructs encoding GFP, mKate, v-Src, the SH2-domains of human SLP76, c-Yes, Nck2, 

as well as the N-terminal SH2 domain of PI3K regulatory subunit ɔ (PI3KR3) fused to 

mKate have been described (Buntru et al., 2011; Kopp et al., 2012; Pils et al., 2012). The 

purified recombinant GST-fusion proteins encoding the SH2 domains of human Hck, Lck, 

c-Yes, Tec, Syk (the isolated N-terminal and C-terminal SH2 domains; Syk-N, Syk-C), 

PI3KR3 (the isolated N-terminal and C-terminal SH2 domains; PI3KR3-N, PI3KR3-C), 

Vav, Nck1, Nck2, Grb2, Grb14, and Slp76 have been used before (Kopp et al., 2012; 

Schmitter et al., 2007a). 

The human monocytic M-CSF receptor promoter (pMCSFR) and its mutated version as 

well as the PU.1 expression vector were described before (Tschan et al., 2008; Zhang et al., 

1994). The primer sequences used for cloning procedures are summarized in Table 5.1. 

The human CEACAM3 and CEACAM4 promoters were amplified from human genomic 

DNA cloned in pBAC e3.6 vectors (Osoegawa et al., 2001), which were obtained from the 

BACPAC Resource Center (Children's Hospital Oakland Research Institute, Oakland, 

CA). Using pBAC e3.6 clone RP11-343B1 as a template, the CEACAM3 promoter region 

including a 5ô-located KpnI site was amplified with primers promoter-CC3-sense and 

promoter-CC3-antiNheI. The CEACAM4 promoter region was amplified from pBAC e3.6 

clone RP11-976L23 with primers promoter-CC4-senseKpnI and promoter-CC4-antiNheI. 

The promoter sequences were cloned via KpnI/NheI restriction sites into the luciferase 

reporter vector pGL4.10 (Promega, Mannheim, Germany). The human CEACAM4 cDNA 

originally cloned by M. Kuroki (Kuroki et al., 1991) was kindly provided by W. 

Zimmermann (Ludwig-Maximilians-Universität, München, Germany). The CEACAM4 
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coding sequence was amplified with primers CEA4-IF-sense and CEA4-IF-w/oSTOP-anti 

and inserted into pDNR-Dual using the In-Fusion Dry-down PCR Cloning Kit (Clontech, 

Mountain View, CA). Via Cre-mediated recombination, the CEACAM4 cDNA was 

transferred into the mammalian expression vector pLPS-3ǋEGFP (Clontech) allowing 

expression of CEACAM4-GFP fusion protein (CEACAM4-GFP). To generate a chimera 

of the CEACAM4 transmembrane and cytoplasmic domain fused to the amino-terminal 

IgV-like domain of CEACAM3, the coding sequence of CEACAM3 was amplified with 

primers CEACAM3-IF-sense and CEA3-NT(-CEA4-TM-cyto)-antisense. In parallel, the 

CEACAM 4 cDNA was amplified with primers CEA4-TM-cyto-sense and CEA4-IF-

w/oSTOP-antisense. The two resulting PCR fragments were fused by soeingPCR using 

CEACAM3-IF-sense and CEA4-IF-w/oSTOP-antisense primers. The soeingPCR product 

was cloned into pDNR-Dual via the Infusion cloning kit to yield the wild-type 

CEACAM3/4 chimera (CEACAM3/4 WT). Furthermore, to construct CEACAM3/4 

chimera lacking the cytoplasmic domain, we used pDNR-Dual CEACAM3/4 WT for PCR 

amplification with primers CEACAM3-IF-sense and CEA4-deltaCT-IF-antisense. The 

resulting PCR fragments was cloned into pDNR-Dual to yield the CEACAM3/4 DCT. 

Point mutations by substitution of tyrosine residues located in the amino-acid positions 222 

and 233 of chimera CEACAM3/4 WT were introduced sequentially by site-directed 

mutagenesis using primer pairs: chimCC3/4-Y222F-sense and chimCC3/4-Y222F-

antisense as well as chimCC3/4-Y233F-sense and chimCC3/4-Y233F-antisense to generate 

the double mutant CEACAM3/4 Y222/233F. Subsequently, all the constructs were 

sequence verified and transferred into pLPS-3ômKate or pLPS-3ôEGFP by Cre/Lox 

recombination as described previously (Muenzner et al., 2010). 

Table 5.1 Primer sequences 

Construct Primer  Sequence 

Promoter CEACAM3  
(pGL4.10) 

Promoter-CC3-sense 5ô-CTCCTGTGTCTCAGGCATTG-3ô 

 

Promoter-CC3-antisense NheI 5ô-ATAGCTAGCGGTCTCTGCTG 

    CCTGCTCTT-3ô 

Promoter CEACAM4  
(pGL4.10) 

Promoter-CC4-sense KpnI 5ô-ATAGGTACCCCCTGCATCTA 

    TAGGGTGG-3ô 

Promoter-CC4-antisense NheI 5ô-ATAGCTAGCGTCTCTGCTGC 

    CTGCTTGTC-3ô 

CEACAM4  

(pDNR-Dual) 

CEA4-IF-sense 5ô-GAAGTTATCAGTCGACACCA 

    TGGGCCCCCCCTCAGCC-3ô 
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CEA4-IF-w/oSTOP-antisense 5ô-ATGGTCTAGAAAGCTTGAGA 

    CCACATCTGCTTTGTGG-3ô 

CEACAM4 -GFP 

(pLPS-3ǋEGFP) 

Cre-lox recombination pDNR-Dual-CEACAM4 

CEACAM3/4-WT  
(pDNR-Dual) 

 

Soeing PCR 

CEACAM3-IF-sense 5ô-GAAGTTATCAGTCGATACCA 

    TGGGGCCCCCCTCAGCC-3ô 

CEA3-NT(-CEA4-TM-cyto)-

antisense 

5ô-ACCAGGACCCCAGTCACGAT 

    GCCGGCGACGGCCCCC-3ô 

CEA4-TM-cyto-sense 5ô-GGGGGCCGTCGCCGGCATCG 

    TGACTGGGGTCCTGGT-3ô 

CEA4-IF-w/oSTOP-antisense 5ô-ATGGTCTAGAAAGTCTGAGA 

    CCACATCTGCTTTGTG-3ô 

CEACAM3/4-ȹCT 

(pDNR-Dual) 

CEACAM3-IF-sense 5ô-GAAGTTATCAGTCGATACCA 

     TGGGGCCCCCCTCAGCC-3ô 

CEA4-deltaCT-IF-antisense 5ô-ATGGTCTAGAAAGCTTCCAG 

    TCCTGGAGAG-3ô 

CEACAM3/4-Y222/233F 

(pDNR-Dual) 

 

Site directed mutagenesis 

chimCC3/4-Y222F-DpnI-sense 5ô-GAACAGCCACTCCCATTTTC 

    GAAGAATTGCTATACTCTG-3ô 

chimCC3/4-Y222F-DpnI-antisense 5ô-CAGAGTATAGCAATTCTTCG 

    AAAATGGGAGTGGCTGTTC-3ô 

chimCC3/4-Y233F-DpnI-sense 5ô-GCTATACTCTGATGCAAATA 

     TTTTCTGCCAGATCGACCAC-3ô 

chimCC3/4-Y233F-DpnI-antisense 5ô-GTGGTCGATCTGGCAGAAAA 

     TATTTGCATCAGAGTATAGC-3ô 

CEACAM3/4-GFP 

(pLPS-3ǋEGFP) 

Cre-lox recombination pDNR-Dual-CEACAM3/4 

CEACAM3/4-mKate 

(pLPS-3'-mKate) 

Cre-lox recombination pDNR-Dual-CEACAM3/4 

CEACAM3/4-ȹCT-mKate 

(pLPS-3'-mKate) 

Cre-lox recombination pDNR-Dual-CEACAM3/4-ȹCT 

CEACAM3/4-Y222/233F-

mKate 
(pLPS-3'-mKate) 

Cre-lox recombination pDNR-Dual-CEACAM3/4-Y222/233F 

 

¶ Antibodies and Reagents 

Monoclonal antibody (mAb) D14HD11 (cross-reactive with CEACAM3) was from 

GENOVAC (Freiburg, Germany). The mAb against green fluorescent protein (GFP) (clone 

JL-8) was from BD Biosciences (Palo Alto, CA), mAb against v-Src (clone EC10) and 

against phosphotyrosine (pTyr; clone 4G10) were from Upstate Biotechnology (Lake 

Placid, NY) and mAb against glutathione S-transferase (GST) (clone B-14) was from Santa 

Cruz Biotechnology (Santa Cruz, CA). Src inhibitor PP2 was obtained from Calbiochem 

(La Jolla, CA, USA). The mAb anti-Opa protein antibody (clone 4B12/C11) was a 



Chapter III 

104 

 

generous gift of Marc Achtman (MPI für Infektionsbiologie, Berlin, Germany). A rabbit 

polyclonal antibody was generated against formaldehyde-fixed N. gonorrhoeae and N. 

meningitidis (IG-511) by Immunoglobe (Himmelstadt, Germany). A rabbit polyclonal 

antibody against recombinant mKate was custom generated and affinity purified (Animal 

Research Facility, Universität Konstanz, Germany). The mAb against tubulin (clone E-7) 

was purified from hybridoma cell supernatants obtained from DSHB (University of lowa, 

IA). Protein A/G sepharose was obtained from Santa Cruz Biotechnology (Santa Cruz, 

CA). 

¶ Detection of human CEACAM3 and CEACAM4 mRNA by qPCR analysis 

Total RNA from differentiated or non-differentiated HL-60 cells and CEACAM 

transfected or non-transfected 293 cells was extracted (Qiagen RNeasy Mini kit , Qiagen, 

Hilden, Germany) and DNase digested (RNase-free DNase, Qiagen). Complementary 

DNA (cDNA) was synthesized from 2 ɛg of total RNA in a 20 ɛl reaction using the 

MMuLV reverse transcriptase and Oligo-dT primers. As a control for chromosomal DNA 

contamination, RNA was used directly for PCR amplification. The expression of human 

CEACAMs was assessed using predesigned TaqMan
®
 assays for CEACAM3 (ID: 

Hs00926316_m1) or CEACAM4 (assay ID: Hs00156509_m1) from Life Technologies. 

PCR amplification was performed using TaqMan Fast Advanced Master Mix (Life 

Technologies). Primers for glyceraldehyde 3-phosphate dehydrogenase (5ǋ-

GAAGGTGAAGGTCGGAGTCA-3ǋ and 5ǋ-TTGAGGTCAATGAAGGGGTC-3ǋ) were 

employed to amplify GAPDH cDNA in the presence of SYBR Green (Sigma-Aldrich). All 

reactions were subjected to 40 PCR cycles (Mastercycler realplex, Eppendorf, Hamburg, 

Germany) with 95 ęC for 10 s, 60 ęC for 20 s, and 72 ęC for 15 s. Quantification of PCR 

data was done by the comparative CT method (Schmittgen and Livak, 2008). 

¶ Transfection of cells, Cell lysis, Immunoprecipitation, Western blotting  

293 cells were transfected by the standard calcium phosphate co-precipitation method. 

Cells were employed in infection experiments 48 hours after the transfection. Cell lysis in 

modified RIPA buffer and Western blotting were performed as described previously 

(Agerer et al., 2003; Schmitter et al., 2004). For immunoprecipitations, whole cell lysates 

were incubated with 3 µg of polyclonal rabbit anti-GFP or anti-mKate antibody overnight 

followed by 1 hour incubation with protein A/G sepharose, all at 4 °C. After three washes 
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with Triton buffer, precipitates were taken up in SDS sample buffer and analyzed by 

western blotting. 

¶ Detection of CEACAM -binding by bacterial Pull -down assays 

Expression of the soluble amino-terminal domains of human CEACAMs in 293 cells and 

binding studies with different microorganisms were performed as described previously 

(Kuespert and Hauck, 2009; Kuespert et al., 2007). Bacteria 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 sample 

buffer prior to SDS-PAGE and western blotting with a GFP-directed monoclonal antibody. 

¶ Gentamicin protection assay 

Gentamicin protection assays were conducted as described previously (Schmitter et al., 

2004). 4 x 10
5
 cells were seeded in 24 well plates coated with fibronectin (4 µg/ml) and 

poly-L-lysine (10 µg/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 

incubation with 50 µg/ml gentamicin in DMEM. Then, cells were lysed with 1 % 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 

treated with the Src inhibitor PP2 (Calbiochem) 15 min prior to infection. 

¶ Bacterial adherence assay 

Cells were seeded and infected as described for gentamicin protection assays. After the 

infection, cells were gently washed before they were lysed by addition of 1 % saponin in 

PBS for 15 min. Total cell-associated bacteria were suspended by vigorous pipetting, and 

colony forming units were determined by plating of serial dilutions on GC agar.  

¶ GST-pull down and Probing of peptide spot membranes 

For GST-pull downs, 4 µg of purified GST or GST-fusion protein attached to glutathione-

sepharose beads (Amersham Biosciences) were added to whole cell lysates (WCLs) of 

transfected 293 cells. In some cases, 293 cells were co-transfected with a v-Src-encoding 

plasmid to ensure maximal tyrosine phosphorylation of CEACAM4. Samples were 

incubated for 4 hours at 4 °C under constant rotation. After four washes with PBS 

containing 0.01 % Tween, precipitates were boiled in 2x SDS sample buffer 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 µg of GST-SH2 domains or GST alone 

(Schmitter et al., 2007a). 

¶ Preparation and use of SH2 domain microarrays 

Protein domain microarrays containing recombinant, GST-tagged SH2 domains derived 

from various human proteins were prepared on aldehyde modified glass slides as 

previously reported (Kopp et al., 2012). Arrays were incubated overnight at 4 °C with cell 

lysates from CEACAM4-GFP and v-Src expressing cells (p-CEACAM4) or CEACAM4-

GFP only expressing cells (CEACAM4). After incubation, the arrays were washed and 

probed with anti-GFP monoclonal antibody for 1 hour at RT followed by Cy3-labeled 

secondary antibody. After washing, the slides were dried by centrifugation. Binding signals 

for a particular SH2 domain obtained for unphosphorylated CEACAM4 were subtracted 

from the signals obtained for p-CEACAM4. The resulting intensities were normalized to 

the amount of array-bound SH2 domains as measured by probing arrays with anti-GST 

antibody allowing comparison in binding strength between different SH2 domains. 

¶ Differential staining of intracellular bacteria  for confocal microscopy 

To discriminate between intra- and extracellular bacteria, a differential 

immunofluorescence staining protocol was applied as described (Kuespert et al., 2011). 

Briefly, transfected 293 cells were seeded on glass coverslips in 24 well plates and infected 

for 60 min with OpaCEA protein-expressing N. gonorrhoeae at an MOI of 30. Samples were 

fixed with 4 % paraformaldehyde and after three washes with PBS, samples were 

incubated in blocking buffer (PBS, 10 % fetal CS) for 5 min. Extracellular bacteria were 

stained with a rabbit polyclonal N. gonorrhoeae antibody (IG-511) for 1 hour, followed by 

incubation for 45 min with Cy5-coupled goat-anti-rabbit antibody in blocking buffer. 

Following two PBS washes, samples were incubated for 20 min with 0.1 % Triton-X100 to 

permeabilize cellular membranes. After three further PBS washes and 5 min in blocking 

buffer, samples were again incubated for 1 hour with the rabbit polyclonal anti-N. 

gonorrhoeae antibody (IG-511) to detect intracellular and extracellular bacteria. Samples 

were washed 3 times with PBS, they were treated with blocking buffer for 5min, and then 

incubated for 45 min with Cy2-coupled goat-anti-rabbit antibody. Following last three PBS 

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

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

(Leica Microsystems, Wetzlar, Germany). Fluorescence signals of triple-labeled specimens 
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were serially recorded to avoid bleed-through. Images were digitally processed with NIH 

ImageJ and merged to yield pseudocolored pictures. 

5.4 Results and Discussion 

¶ CEACAM4 is under the control of a myeloid-specific promoter 

CEACAM3 is expressed by human granulocytes and mediates the opsonin-independent 

phagocytosis of OpaCEA protein-expressing N. gonorrhoeae (Schmitter et al., 2004). 

CEACAM4, another CEACAM family member, perfectly matches the domain structure of 

CEACAM3 (Kuroki et al., 1991; Pils et al., 2008). Both proteins are highly homologous in 

the carboxy-terminal intracellular part (amino acid identity 73 %) (Suppl. Figure 5.1A). 

However, they display less sequence identity in the microbe-binding extracellular Igv-like 

domain (amino acid identity 49 %) (Suppl. Figure 5.1A), in particular in the CFG-face of 

the immunoglobulin fold (Suppl. Figure 5.1B). Strikingly, these two membrane proteins 

harbor an ITAM-like sequence close to the carboxy-terminus suggesting that CEACAM4 

might function to transduce signals into the cell (Suppl. Figure 5.1A). CEACAM4 was 

originally cloned from a pooled human leukocyte cDNA library (Kuroki et al., 1991). This 

suggests that, similar to CEACAM3, CEACAM4 might also be expressed by phagocytic 

cells. As CEACAM4-specific antibodies are not available, we utilized a TacMan probe 

based qRT-PCR analysis, which discriminates between the CEACAM3 and the 

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 in 

vitro by retinoic acid towards a granulocyte phenotype. Importantly, there was a slight 

increase in CEACAM3 mRNA and a clear 6- to 7-fold rise in CEACAM4 mRNA in HL60 

cells during the course of in vitro differentiation (Figure 5.1A). To further investigate the 

myeloid-specific regulation of these two receptors, we performed luciferase reporter assays 

using ~3 Kb fragments derived from the promoter regions of the CEACAM3 or the 

CEACAM4 gene, respectively. As a comparison, the human M-CSF receptor promoter 

(pMCSFR) was used, which is known to respond to the myeloid transcription factor PU.1 

(Figure 5.1B) (DeKoter et al., 1998; Zhang et al., 1994). In agreement with its myeloid-

specific expression, wildtype pMCSFR showed 4- to 9-fold increase in activity in the 

presence of PU.1, whereas the M-CSF receptor promoter with mutated PU.1 binding site 

(pMCSFR mutated) did not respond. 
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Figure 5.1 CEACAM4 is expressed in human phagocytes, but does not recognize CEACAM-binding 

bacteria. (A) HL60 cells were differentiated in vitro and CEACAM3 or CEACAM4 RNA levels were 

quantified by real-time PCR. Samples were normalized according to expression of GAPDH and are shown as 

-fold increase in mRNA compared to undifferentiated HL60 cells. (B) Luciferase reporter assays with 293 

cells transfected with plasmids encoding the M-CSF receptor promoter (pMCSFR), the MCSFR promoter 

with a mutated PU.1 binding site (pMCSFR mutated), the CEACAM3 promoter, or the CEACAM4 

promoter. Plasmids were transfected together with an empty control vector or with an expression plasmid 

encoding the myeloid transcription factor PU.1, respectively. Each point represents luciferase activity in 

independent samples and is given as nïfold activity of PU.1-transfected cells compared to the control vector 

samples. (C) 293 cells were transfected with the empty pLPS-3ô-EGFP vector or the same plasmid encoding 

CEACAM3 or CEACAM4, respectively. Cells were infected for 1 hour with either N. gonorrhoeae 

expressing an OpaCEA protein adhesin (Ngo OpaCEA) or lacking OpaCEA protein expression (Ngo Opa
-
) at a 

MOI of 30. Values represent the mean ± standard deviations (n=3) of the total cell-associated bacteria (top 

graph) or internalized bacteria (bottom graph). (D) The indicated secreted CEACAM-GFP fusion proteins 

were expressed in 293 cells and cell culture supernatants were analyzed by Western blotting with anti-GFP 

antibody (Supe; left panel). The indicated GFP-fusion proteins were incubated with non-opaque N. 

gonorrhoeae (Ngo Opa-), OpaCEA protein-expressing gonococci (Ngo OpaCEA), N. meningitidis, Haemophilus 

aegyptius, or Moraxella catarrhalis. After washing, bacteria-associated fusion proteins were detected by 

western blotting with a monoclonal anti-GFP antibody (Pull-down; right panels). 
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Similarly, PU.1 enhanced CEACAM3 and CEACAM4 promoter activity 4- or 10-fold, 

respectively, explaining the expression of the encoded receptor proteins in the myeloid 

lineage (Figure 5.1B). These results are in line with findings from unbiased screens in 

myeloid precursor cells, which have identified the CEACAM4 promoter as a target of the 

promyelocytic leukemia-retinoic acid receptor a oncogene (Wang et al., 2010), and 

suggest that CEACAM4 is expressed in human myeloid cells. 

¶ CEACAM4 does not recognize known CEACAM -binding bacteria 

Based on the known interaction of several human restricted pathogens with other members 

of the CEACAM family (Chen and Gotschlich, 1996; Chen et al., 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 CEACAM6 (Brooks et al., 2008; 

Hill and Virji, 2003; Kuespert et al., 2007; Virji et al., 2000). Therefore, human 293 cells 

were transfected with cDNA encoding GFP, GFP-tagged CEACAM3, or GFP-tagged 

CEACAM4. To verify the expression of the transfected constructs, cell lysates were 

probed with GFP-directed antibodies (Suppl. Figure 5.2A). Next, cells were infected for 1 

hour with either non-opaque Neisseria gonorrhoeae (Ngo Opa-), which do not bind to any 

CEACAM, or an isogenic OpaCEA-protein expressing strain (Ngo OpaCEA) at an MOI of 

30. Opa protein expression by the used strains was detected by western blotting (Suppl. 

Figure 5.2B). Infected samples were employed in bacterial adhesion assays and 

gentamicin protection assays to measure the cell association and internalization of the 

bacteria by the transfected cells. As shown before, 293 cells transfected with the control 

vector did not bind or internalize non-opaque or OpaCEA protein-expressing bacteria 

(Figure 5.1C). In contrast, CEACAM3 expression allowed efficient binding and uptake of 

pathogens (Figure 5.1C). Importantly, CEACAM4-expressing cells did not show 

enhanced association with non-opaque or OpaCEA protein-expressing bacteria and did not 

internalize the microorganisms (Figure 5.1C). To directly test CEACAM4 binding of 

different pathogenic bacteria, we employed the amino-terminal, extracellular domains of 

CEACAM3, CEACAM4, and CEACAM8 in the form of soluble GFP-fusion proteins in 

bacterial pull-downs. As seen previously (Kuespert et al., 2011; Kuespert et al., 2007), 

OpaCEA protein-expressing strains of N. gonorrhoeae or N. meningitidis as well as selected 

strains of Haemophilus aegyptius and Moraxella catarrhalis associated with CEACAM3, 

but not with CEACAM8 (Figure 5.1D). Importantly, none of these strains showed binding 
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to the CEACAM4 extracellular domain (Figure 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 of N. gonorrhoeae (Popp et al., 1999). However, the failure to detect 

CEACAM4-binding bacteria in this limited set of known CEACAM-binding pathogens 

does not rule out the possibility that CEACAM4 could function as a receptor for 

microorganisms. 

¶ The cytoplasmic domain of CEACAM4 is able to induce phagocytosis 

Despite the lack of binding and internalization of known CEACAM-binding 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 bacteria-binding Igv-like domain of CEACAM3 fused to 

the transmembrane and cytoplasmic domain of CEACAM4 (CEACAM3/4). In addition to 

the wildtype intracellular domain of CEACAM4, we generated a truncated receptor lacking 

cytoplasmic amino acids (CEACAM3/4 æCT) or exchanged the critical tyrosine residues 

in the CEACAM4 ITAM  sequence for phenylalanine (CEACAM3/4 Y222/233F) to 

abrogate tyrosine phosphorylation (Figure 5.2A). To allow detection of the transfected 

cells, all receptor constructs were fused to a C-terminal mKate or GFP tag (Figure 5.2A). 

293 cells were transfected with the mKate-tagged 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 levels of the 

CEACAM3/4 chimeras; with transfection efficiencies ranging around 60 % of the cell 

population (Suppl. Figure 5.3A). Transfected cells were infected with fluorescein-labeled 

OpaCEA protein-expressing N. gonorrhoeae for 1 hour (MOI 30) and bacterial binding and 

uptake by the transfected cells was quantified (Suppl. Figure 5.3C, Figure 5.2B). 

Importantly, the CEACAM3/4 chimera was able to mediate binding and uptake of the 

bacteria to a similar extent as CEACAM3 (Suppl. Figure 5.3C, Figure 5.2B).  

In contrast, the receptor lacking the cytoplasmic domain (CEACAM3/4 æCT) as well as 

the chimeric receptor with mutated ITAM-like sequence (CEACAM3/4 Y222/233F) 

showed similar association with bacteria, but failed to internalize the microbes (Suppl. 

Figure 5.3C, Figure 5.2B). These data demonstrate that the CEACAM4 cytoplasmic 

domain is able to trigger efficient internalization of bacteria and that this process depends 

on the tyrosine residues within the ITAM-like sequence. 
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¶ CEACAM4 -initiated signals trigger internalization of bacteria  

To further verify that the CEACAM3/4 chimera is able to mediate bacterial uptake, we 

investigated infected cells by confocal laser scanning microscopy. Accordingly, 293 cells 

were transfected with the indicated mKate-tagged constructs or mKate alone and two days 

later the cells were infected for 1 hour with OpaCEA protein-expressing N. gonorrhoeae. 

Samples were fixed and extracellular bacteria were labeled with a polyclonal anti-

gonococcal antiserum and Cy5-coupled goat-anti rabbit antibodies. Next, samples were 

permeabilized and bacteria were again stained with a polyclonal anti-gonococcal 

antiserum. In this case, a Cy2-coupled goat-anti rabbit antibody was chosen as secondary 

reagent allowing discrimination between intracellular (labeled with Cy2 only) and 

extracellular bacteria (labeled with Cy2 and Cy5). As expected, mKate transfected cells did 

not harbor intracellular bacteria and only very few bacteria were associated with the 

eukaryotic cells (Figure 5.2C). CEACAM3-transfected cells, in contrast, showed 

increased numbers of cell-associated bacteria and contained intracellular bacteria (Figure 

5.2C). Similarly, OpaCEA protein-expressing bacteria were detected inside cells transfected  

with CEACAM3/4 demonstrating that the cytoplasmic domain of CEACAM4 is able to 

trigger bacterial phagocytosis. The chimeric receptor co-localized with cell-associated 

bacteria in agreement with the notion that OpaCEA protein-expressing gonococci bind to the 

extracellular, CEACAM3-derived IgV-like domain (Figure 5.2C). Importantly, neither 

cells expressing CEACAM3/4 æCT (lacking the CEACAM4 cytoplasmic domain) nor 

cells expressing CEACAM3/4 Y222/233F (with compromised CEACAM4 ITAM-like 

sequence) supported internalization of OpaCEA protein-expressing bacteria, while bacteria 

were associated with the cell membrane (Figure 5.2C). These results support the findings 

obtained by gentamicin protection assays and provide evidence that the CEACAM4 

cytoplasmic domain can initiate the internalization of receptor-bound microorganisms. 

Similar to other phagocytic receptors such as the Fcɔ receptor (FcɔR), Dectin-1, or 

CEACAM3, the phagocytic properties of the chimeric receptor depend on a tyrosine-based 

motif in the cytoplasmic domain of CEACAM4. 
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Figure 5.2 The cytoplasmic domain of CEACAM4 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, CEACAM4-derived regions are indicated by black and dark gray 

bars. Tyrosine residues and their mutations in the cytoplasmic domain are highlighted. Stars indicate the C-

terminal fluorescent protein tag. (B) 293 cells were transfected with vectors encoding mKate or mKate-

tagged CEACAM3, CEACAM3/4, CEACAM3/4 Y222/233F, or CEACAM3/4 æCT, respectively. Two days 

later, cells were infected with OpaCEA protein-expressing N. gonorrhoeae (MOI 30) for 1 hour and viable 

intracellular bacteria were measured by gentamicin protection assays. Bars represent mean ± standard 

deviations (n=3) of the internalized bacteria. (C) 293 cells were transfected as in (B) and infected with 

OpaCEA protein-expressing N. gonorrhoeae. Differential staining before and after cell permeabilization 

allowed the discrimination between extracellular bacteria as well as extra- and intracellular bacteria (total 

bacteria). Arrows highlight intracellular bacteria, which were only detected in cells expressing CEACAM3 or 

CEACAM3/4 WT. Arrowheads point to cell-associated, extracellular bacteria. Scale bars 10 µm. 

¶ The ITAM -like sequence of CEACAM4 is tyrosine phosphorylated and mediates 

interaction with several SH2-domain containing proteins 

As the ITAM-like 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 Src family PTKs expressed by human granulocytes (McCaw et al., 2003; 

Schmitter et al., 2004; Schmitter et al., 2007a). In vitro, the CEACAM3 ITAM-like motif 

is efficiently phosphorylated by active viral Src (v-Src) (Buntru et al., 2011; Pils et al., 

2012). Therefore, we transfected 293 cells with constructs encoding GFP-tagged 

CEACAM3, CEACAM4, or the CEACAM3/4 chimera together with or without a v-Src 

expression plasmid. Western blotting with a phospho-tyrosine specific monoclonal 

antibody confirmed that CEACAM3 is tyrosine phosphorylated upon co-expression with v-

Src (Figure 5.3A). Likewise, CEACAM3/4 and CEACAM4 were tyrosine phosphorylated 

in 293 cells in the presence of v-Src (Figure 5.3A). Western Blotting of the lysates with 

antibodies directed against GFP or against v-Src confirmed comparable expression levels 

of the transfected constructs (Figure 5.3A). The phosphorylated ITAM-like sequence 

might connect stimulated CEACAM4 with downstream signaling molecules to drive 

phagocytosis. To screen for potential SH2-domain containing binding partners, we used a 

custom made SH2 domain microarray (Kopp et al., 2012). The microarray contained a 

variety of purified, recombinant GST-fused SH2 domains and was probed with lysates 

containing unphosphorylated or phosphorylated CEACAM4 generated by co-expression of 

v-Src. Western Blotting demonstrated that the used lysates contained equivalent levels of 

CEACAM4-GFP or GFP, yet CEACAM4-GFP was only tyrosine phosphorylated upon co-

expression of v-Src (Suppl. Figure 5.3D).  

Detection of CEACAM4 bound to the array with an anti-GFP antibody revealed that 

phosphorylated CEACAM4 associated with the SH2 domains of several Src family PTKs 
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(Hck, Lck, and Yes), the amino-terminal SH2 domain of the PI3K regulatory domain ɔ 

(PI3KR3-N), and the Nck2 SH2 domain, whereas no binding was seen for the SH2 

domains of the adapter proteins Grb2, Grb14, or Slp76 (Figure 5.3B). To confirm these 

potential binding interactions, classical GST-pull-down assays were performed and the 

precipitates were probed with anti-GFP antibodies to detect SH2-domain bound 

CEACAM4. In agreement with the results of the protein domain microarray, only 

phosphorylated CEACAM4-GFP, but not the unphosphorylated receptor, associated with 

the SH2 domains of Src PTKs, with the amino-terminal SH2 domain of PI3K, and with the 

Nck2 SH2 domain, whereas no binding was seen for the adapter proteins Grb14 and Slp-76 

(Figure 5.3C). GST alone was not able to pull-down 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 membrane distal 

(Tyr233) tyrosine residue of the CEACAM4 ITAM-like sequence (Figure 5.3D). The 

corresponding peptides were synthesized either in the unphosphorylated or in the 

phosphorylated form on nitrocellulose filters (Frank, 1992), and probed with the purified 

SH2 domains or GST alone. Importantly, whereas GST was unable to bind, the purified 

SH2 domains of Yes, Nck2, and the amino-terminal SH2 domain of PI3K associated with 

synthetic CEACAM4 phospho-peptides, indicating that binding of these SH2 domains is 

based on a direct protein-protein interaction (Figure 5.3D). In line with the GST-pull-

down analyses, binding did not occur for the unphosphorylated peptides (Figure 5.3D). 

Interestingly, both phosphotyrosine residues of the CEACAM4 ITAM sequence served as 

binding sites for multiple SH2 domains (Figure 5.3D). These results demonstrate that the 

phosphorylated ITAM sequence of CEACAM4 is able to directly associate with a set of 

SH2-domain containing proteins, including Src family PTKs, the adapter protein Nck2 as 

well as PI3KR3 and that this interaction is supported by both tyrosine residues (pTyr222 

and pTyr233) of the CEACAM4 ITAM sequence. This situation is clearly distinct from 

CEACAM3, where SH2 domain-mediated binding of protein and lipid kinases or adaptor 

proteins has only been reported for the membrane proximal tyrosine residue (CEACAM3 

pTyr230) (Buntru et al., 2011; Kopp et al., 2012; Schmitter et al., 2007a). Indeed, similar 

to the previous observations, the SH2 domain of the Src PTK Yes only associated with 

phosphorylated Tyr230 of CEACAM3 (Figure 5.3E).  

Interestingly, the CEACAM4 tyrosine-based motif (YxxLx(7)YxxI ) strictly corresponds to 

the canonical ITAM signature (YxxL /Ix(6ï12)YxxL /I ) (Reth, 1989) found in the T-cell 
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receptor ɕ-chain or the activating FcɔRs. In contrast, the membrane distal tyrosine residue 

(CEACAM3 Tyr-241) in the ITAM -like sequence of CEACAM3 (YxxLx(7)YxxM ) 

deviates from this consensus and only the membrane proximal tyrosine residue of 

CEACAM3, Tyr230 corresponds strictly to the ITAM consensus. In this respect, 

CEACAM3 shares similarities with the phagocytic receptor Dectin-1, where a single, 

membrane-proximal tyrosine-based motif is sufficient for Dectin-1-induced signal 

transduction (Rogers et al., 2005; Underhill et al., 2005). 

 

 

Figure 5.3 CEACAM4 is tyrosine phosphorylated and directly binds to specific SH2 domains. (A) 293 

cells were transfected with plasmids encoding GFP-tagged CEACAM3, CEACAM4, or CEACAM3/4 WT. 

As indicated, cells were co-transfected with v-Src. Phosphorylated CEACAMs were detected with a 

monoclonal anti-phosphotyrosine antibody (upper panel). Equivalent expression of the receptors (second 
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panel), v-Src (third panel), and protein content (bottom panel) were verified by western blotting of whole cell 

lysates (WCL) with mAbs against GFP, v-Src, or tubulin, respectively. (B) 293 cells were transfected with 

CEACAM4-GFP with or without v-Src as in (A). Lysates containing p-CEACAM4 or CEACAM4 were 

prepared and used to probe protein domain microarrays encompassing the indicated SH2 domains spotted in 

the form of GST fusion proteins. pCEACAM4-GFP or CEACAM4-GFP bound to individual spots were 

detected by anti-GFP antibodies and quantified. Extent of pCEACAM4-binding versus CEACAM4-binding 

was calculated and the values were normalized to the amount of immobilized GST-SH2 domains at 

individual spots as detected by a monoclonal anti-GST antibody. Bars represent the mean ± standard 

deviations of four determinations. (C) Lysates as in (B) were employed in GST-pull-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 the GST-fusion proteins used 

in the pull down were verified by Coomassie staining of the membrane (lower panel). (D) Peptide spot 

membranes harboring synthetic 15-mer peptides surrounding the indicated tyrosine residues of the 

CEACAM4 cytoplasmic domain in the un-phosphorylated (Y) or the tyrosine-phosphorylated (pY) form 

were probed with GST-PI3K-N-SH2, GST-PI3K-C-SH2, GST-cYes-SH2, GST-Nck2-SH2, or GST only. 

Bound GST-fusion proteins were detected with monoclonal anti-GST antibody. (E) Spot membranes 

harboring the indicated 15-mer peptides derived from the CEACAM3 cytoplasmic domain were probed with 

GST or GST-cYes-SH2 as in (D). 

It will be interesting to evaluate in the future, which signaling connections are shared 

between CEACAM3, CEACAM4, and potentially Dectin-1, and which are not. For 

example, CEACAM3 has the peculiarity to directly associate with Vav, a guanine 

nucleotide exchange factor for the small GTPase Rac (Schmitter et al., 2007a). Via this 

direct link to Vav, CEACAM3 has a pronounced effect on cellular Rac-GTP levels in 

response to bacterial binding (Schmitter et al., 2004). The direct association of Vav with 

the phosphorylated receptor might also explain, why CEACAM3-initiated phagocytosis is 

independent of phosphatidylinositol 3ô kinase activity (Buntru et al., 2011), which is an 

essential element in phagocytosis via FcɔRs (Araki et al., 1996; Indik et al., 1995). 

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

components known to mediate signaling downstream of CEACAM3. 

¶ 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 CEACAM4 in vitro. To analyze if this interaction 

also occurs in the context of the intact cell and if it can occur upon bacterial ligation of the 

receptor, 293 cells were transfected with CEACAM3/4-GFP together with different SH2 

domains fused to the red-fluorescent protein mKate or with mKate alone. Two days later, 

the transfected cells were infected with PacificBlue-labeled OpaCEA protein-expressing 

N. gonorrhoeae and the bacteria-triggered clustering of the receptor and the potential 

recruitment of the SH2 domains was monitored by confocal microscopy. Clearly, no 
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recruitment of mKate alone was observed, when bacteria engaged the chimeric receptor 

(Figure 5.4A). Similarly and in line with the results obtained by GST-pull-down assays, 

the Slp76-SH2 domain was also not recruited to the subcellular contact sites between the 

bacteria and CEACAM3/4 (Figure 5.4A). In striking contrast, a strong local enrichment of 

the Yes-SH2 domain, the PI3KR3 amino-terminal SH2 domain, and the Nck2 SH2 domain 

was observed at the sites, where gonococci co-localized with the receptor (Figure 5.4A). 

These results not only demonstrated that CEACAM-binding bacteria are able to locally 

cluster the chimeric receptor, but the clear subcellular recruitment of selected SH2 domains 

also suggested that the clustered receptor is tyrosine phosphorylated and interacts with 

specific SH2 domains in intact cells. 

¶ 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 

enzymes are of functional relevance for a potential CEACAM4-mediated phagocytosis, we 

first analyzed the phosphorylation of the CEACAM3/4 chimera in response to bacterial 

engagement. Therefore, we infected cells expressing CEACAM3-GFP or CEACAM3/4-

GFP for 60 min with OpaCEA protein-expressing N. gonorrhoeae or left the cells 

uninfected. Upon immunoprecipitation with anti-GFP antibodies, we observed tyrosine 

phosphorylation of both proteins in response to infection with CEACAM-binding bacteria 

(Figure 5.4B). Additionally, probing of the precipitates with anti-CEACAM antibodies 

confirmed that similar amounts of the receptors were precipitated from uninfected and 

infected cells (Figure 5.4B). Together, these results provide evidence that the ITAM of 

CEACAM4 can become tyrosine phosphorylated upon bacterial engagement and clustering 

of the receptor. Next, we focused on Src family PTKs, which have been shown to be 

critical downstream signaling elements in CEACAM3-mediated uptake (Hauck et al., 

1998; McCaw et al., 2004; Schmitter et al., 2007b) and applied the Src PTK inhibitor PP2 

during in vitro infection with N. gonorrhoeae. In line with the known role of Src family 

PTKs, the pharmacological inhibitor severely reduced uptake of OpaCEA protein-expressing 

gonococci by CEACAM3-expressing 293 cells (Figure 5.4C). In a similar manner, PP2 

treatment strongly impaired bacterial internalization via the CEACAM3/4 chimera (Figure 

5.4C). These results demonstrate that Src family PTKs not only associate with the 

cytoplasmic domain of phosphorylated CEACAM4, but are of functional relevance for the 

opsonin-independent uptake, which can be triggered by 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 kinase activity for phagocytosis. (A) 293 cells were co-

transfected with CEACAM3/4-GFP together with plasmids encoding mKate or the mKate-tagged SH2 






































































































