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SUMMARY 

The selective pressure exerted by infectious agents has always been a major driving force in the 

evolution of humans and other mammals. Positive selection of traits leading to superior survival and 

reproduction rates of adapted hosts promote the development of extensive innate and adaptive 

defense systems. In a similar fashion, microbial pathogens are selected for pathogenic traits that allow 

them to suppress, evade or subvert the immune systems. This concept of a constant molecular arms 

race between pathogens and their hosts is in line with the Red Queen hypothesis.  

Several gram-negative pathogens, including Neisseria gonorrhoeae, Haemophilus influenzae, 

Helicobacter pylori, and Moraxella catarrhalis, have independently evolved adhesins that target 

epithelial surface proteins of the human carcinoembryonic antigen-related cell adhesion molecule 

(CEACAM) family on mucosal cells lining the nasopharynx, the intestine, and the urogenital tract. 

Interaction with these epithelial CEACAMs is highly advantageous to the pathogens, as they facilitate 

colonization of the epithelium, penetration into deeper tissues and suppression of innate and adaptive 

immune functions. Remarkably, the relative recently evolved granulocyte specific CEACAM family 

member CEACAM3 is able to turn this advantage against the invading pathogens.  While its 

extracellular domain shares high sequence similarity with the bacterial-targeted regions of epithelial 

CEACAMs, the intracellular region of CEACAM3 contains a unique hemi-immunoreceptor tyrosine-

based activation motif (HemITAM). Binding of bacteria to the extracellular domain triggers rapid 

tyrosine phosphorylation within in the HemITAM-sequence, which activates antimicrobial effector 

functions, such as pathogen phagocytosis, and clearance by generation of reactive oxygen species. 

While several positive regulators involved in CEACAM3-mediated intracellular signaling have already 

been described, we strived to fill in the gaps by establishing a comprehensive genome-wide CRISPR 

knockout (GeCKO) screening system for the assessment of phagocytosis in a myeloid cellular 

background. Generation and validation of a CEACAM3 expressing myeloid cell line were followed by 

extensive screen optimization to assure adequate lentiviral transduction efficiency, assay sensitivity, 

and reliability. Expectedly, screening the GeCKO lentiviral library revealed several proteins to influence 

CEACAM3 mediated phagocytosis. For some hits, like the Rac-guanine nucleotide exchange factor 

(GEF) Vav or the C-terminal Src kinase (CSK), CEACAM3 related functions have already been described. 

Among the newly identified are CYRI, a negative regulator of Rac-signaling, as well as NEDD4, an E3 

ubiquitin-ligase targeting receptor-type protein tyrosine phosphatases (PTPRs). Both, CYRI and PTPRs, 

might play an important role in the negative regulation of CEACAM3.  
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To investigate the influence of PTPRs on CEACAM3 signaling, individual knockout cells were produced 

for all PTPRs encoded in the human genome. Indeed, loss of multiple granulocyte-expressed PTPRs 

enhanced CEACAM3-mediated phagocytosis. Conversely, co-expression of CEACAM3 with PTPR-

variants revealed that PTPRC and PTPRJ are able to suppress CEACAM3-mediated phagocytosis, by 

dephosphorylation of its HemITAM-contained tyrosine residues when paired with phosphatase 

constructs lacking their large ectodomains. Indeed, expression of full-length phosphatases failed to 

affect phagocytosis negatively. Derived from these results a phagocytic synapse–based activation 

model was deduced for CEACAM3-mediated pathogen phagocytosis. Briefly, CEACAM3 receptors are 

clustered underneath adhesin-bearing pathogens while PTPRC and PTPRJ are passively excluded from 

the site of tight engagement due to their large ectodomains. In this CEACAM3-clustered region, Src-

family kinases are no longer counteracted by the phosphatase action of PTPRs and rapidly 

phosphorylate CEACAM3 HemITAM residues, triggering localized activation of actin-polymerization, 

which leads to pathogen engulfment. 

Interestingly, the granulocyte CEACAM3 as well as the primary targets of pathogen adhesins, epithelial 

CEACAMs, are among the fastest evolving human genes. We identify CEACAM3 orthologues in higher 

primates and confirm that its extracellular domain evolved with even stronger rapidity, while its 

intracellular signaling platform appears to be conserved. Analysis of the binding affinity of primate 

CEACAM3 variants to human CEACAM3-binding pathogens revealed a reduction in the recognized 

spectrum with increasing phylogenetic distance. This demonstrates that amino acid alterations 

occurred, at least in part, in sites that define binding specificity. Indeed, we could identify a single 

amino acid exchange in gorilla CEACAM3 being sufficient to reestablish receptor recognition of 

Haemophilus aegyptius. These results demonstrate that CEACAM3 is under extraordinary positive 

selection, presumably to keep up with bacterial adaptations.  Accordingly, several pathogens, such as 

Neisseria gonorrhoeae and Haemophilus influenzae, have evolved adhesins which evade recognition 

by human CEACAM3 but retain binding to epithelial CEACAM1. We report a single amino acid 

divergence between these receptors that is utilized by all CEACAM1 specific neisserial adhesins to 

avoid CEACAM3 binding, while all other sequence differences did not affect adhesin specificity. An 

additional mutation at a secondary site also reestablished interaction with the CEACAM1-binding 

adhesin of Haemophilus influenzae. Remarkably, a human CEACAM3 variant harboring these combined 

alterations is present in modern African populations with approximately 30% of the population 

possessing at least one such allele. These CEACAM3 variants in the human gene pool might well 

demonstrate the ongoing struggle between pathogen adaptation and host counter-adaptation. 
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ZUSAMMENFASSUNG 

Der von Krankheitserregern ausgeübt Selektionsdruck stellt eine der treibenden Kräfte in der Evolution 

von Menschen und Säugetieren dar. Positive Selektion von Merkmalen welche dem adaptierten Wirt 

überlegene Überlebens- und Reproduktionsraten vermittelten, führten zu der evolutionären 

Entwicklung von umfangreichen Systemen der spezifischen und unspezifischen Immunabwehr. In einer 

ähnlichen Art und Weise adaptieren sich mikrobielle Erreger und entwickeln Pathogenitätsmerkmale 

welche es ihnen erlaubt dem Immunsystem zu widerstehen, es zu unterdrücken oder dessen Funktion 

auszuschalten.  Diese Theorie eines konstanten Wettrüstens zwischen Erreger und Wirt folgt dabei den 

Grundsätzen der „Red Queen Hypothesis“. 

Einige gramnegative Erreger, wie Neisseria gonorrhoeae, Haemophilus influenzae, Helicobacter pylori 

und Moraxella catarrhalis, haben unabhängig voneinander Adhesine entwickelt, welche die auf 

menschlichen Schleimhäuten des Nasopharynx, des Darms und des Urogenitaltrakts exprimierte 

epitheliale Oberflächenproteine der carcinoembryonic antigen-related cell adhesion molecule 

(CEACAM)-Familie binden. Diese Rezeptorinteraktion vermittelt Kolonisierung und Infiltration des 

Epithels bei gleichzeitiger Unterdrückung des Immunsystems Bemerkenswerterweise ist der 

Granulozyten-spezifische CEACAM3 Rezeptor, ein relativ kürzlich evolviertes Mitglied der CEACAM 

Proteinfamilie, in der Lage diesen Mechanismus gegen den Erreger zu wenden. Während die 

extrazelluläre Domäne von CEACAM3 eine starke Ähnlichkeit mit der Erreger-bindenden Domäne von 

epithelialen CEACAMs aufweist, trägt die intrazelluläre Domäne ein einzigartiges hemi-

immunoreceptor tyrosine-based activation motif (HemITAM). Binden Bakterien an die extrazelluläre 

Domäne des Rezeptors führt dies rasch zur Phosphorylierung von Tyrosinresten in der HemITAM 

Sequenz, wodurch Abwehrmechanismen wie die Phagozytose des Erregers und das Erzeugen von 

Sauerstoffradikalen, eingeleitet werden. 

Während einige positive Regulatoren der CEACAM3-vermittelten intrazellulären Signaltransduktion 

bereits bekannt sind, strebten wir danach die verbliebenen Lücken durch die Etablierung eines 

umfangreichen genomweiten CRISPR Knockout (GeCKO) Screens für die Evaluierung von Phagozytose 

in einer myeloiden Zelllinie zu füllen. Nach der Herstellung und Validierung einer CEACAM3-

exprimierenden myeloiden Zelllinie wurden die Parameter des Screens optimiert um eine maximale 

Effizient der lentiviralen Transdutkion und eine hohe Analysesensitivität zu gewährleisten.  

Einige der der knock-out Zelllinien zeigten einen deutlichen Einfluss auf die CEACAM3-vermittelte 

Phagozytose. Einige Treffer, wie der Rac Guanin-Nukleotid-Austauschfactor (GEF) Vav oder die C-

terminale Src Kinase (CSK), waren bereits bekannt dafür eine Rolle in der CECAM3-vermittelten 
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Signalweitergabe zu spielen, während andere bisher noch nicht als Mediatoren der 

Pathogenphagocytose in Erscheinung getreten waren. Unter diesen sind unter anderem CYRI, ein 

negativer Regulator des Rac-Signals und NEDD4, eine E3 Ubiquitinligase, welche auf Rezeptor-

Tyrosinphosphaten (PTPRs) wirkt. Diese Erkenntnisse ermöglichen neue Ansatzpunkte für die 

Erforschung von negativen Regulatoren der CEACAM3 vermittelten Aufnahme und zeigen potentiell 

neue Rollen für bereits bekannte Signaltransduktionsmediatoren auf.  

Für die weitere Analyse der durch PTPRs vermittelten CEACAM3 abhängigen Signalweitergabe wurden 

knock-out Zelllinien für die im Menschen vorkommende PTPRs generiert. In der Tat konnte bei 

mehreren dieser Zelllinien eine Erhöhung der CEACAM3 abhängigen Phagozytose festgestellt werden. 

Umgekehrt zeigte gemeinsame Expression von CEACAM3 und PTPR-Varianten, dass PTPRC und PTPRJ 

in der Lage sind CEACAM3-vermittelte Phagozytose durch dephosphorylierung der HemITAM-Sequenz 

zu unterdrücken. Dieser Effekt ist jedoch nur unter Verwendung von Phosphatasekonstrukten in 

welchen die jeweilige Ectodomäne deletiert ist zu beobachten. Phosphatasen ohne diese Deletion 

konnten die Phagozytose nicht beeinträchtigen. Wir leiten daraus ein Funktionsmodel für die 

Aktivierung von CEACAM3 ab welches auf einer durch Bakterienbindung induzierte Bildung einer 

phagozytischen Synapse beruht. Innerhalb dieser lokalisierten Aufnahmeregion werden CEACAM3-

Rezeptoren durch die bindenden Bakterien gebündelt wodurch PTPRC und PTPRJ aufgrund ihrer 

großen Ectodomänen verdrängt werden. In der CEACAM3-dichten Region, können die Phosphatasen 

nun nichtmehr als Gegenspieler für Src-Kinasen fungieren welche nun die Tyrosinreste der HemITAM 

Sequenz phosphorylieren können. Dies löst eine lokale Aktivierung der Aktinpolymerisation aus, die 

schlussendlich zur Aufnahme des Erregers führt.   

In vorausgegangenen Studien wurde festgestellt, dass epitheliale CEACAMs, die primären Ziele der 

Erregeradhesine, zu den am schnellsten evolvierenden humanen Genen gehören. Im Rahmen dieser 

Arbeit war es uns möglich weitere, bisher unbekannte CEACAM3 Homologe in höheren Primaten zu 

identifizieren und nachzuweisen, dass auch deren extrazelluläre Domäne mit vergleichbarer 

Geschwindigkeit evolvierte. Eine Analyse der Bindeaffinitäten von Primaten-CEACAM3-Varianten zu 

humanen CEACAM3-bindenen Erregern offenbarte eine steigende Reduktion des 

Erkennungsspektrums mit zunehmender phylogenetischer Distanz. Dies verdeutlicht, dass die 

Veränderungen in der Proteinstruktur zumindest teilweise in Regionen stattfinden, welche die 

Bindeaffinitäten beeinflussen. Tatsächlich ist ein einzelner Aminosäureaustausch in Gorilla-CEACAM3-

Variante ausreichend um die Bindung zu Haemophilus aegyptius wiederherzustellen. Diese Ergebnisse 

demonstrieren, dass CEACAM3 unter außergewöhnlichem evolutionären Druck steht, vermutlich um 

mit bakteriellen Adaptionen Schritt zu halten. Dennoch sind mehrere Opa-Adhesine von Neisseria 
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gonorrhoeae und OMPP1 von Haemophilus influenzae dazu in der Lage eine Erkennung durch 

CEACAM3 zu vermeiden und trotz dessen ihre Bindung an epitheliale CEACAMs zu erhalten. Wir 

identifizierten einen einzelnen Aminosäure-Unterschied, anhand dessen alle CEACAM1-spezifischen 

Neisserien-Adhesine zwischen diesen differenzieren können. Alle anderen Sequenzunterschiede 

scheinen die jeweilige Bindespezifität nicht zu beeinflussen. Eine zusätzliche Mutation in einer 

weiteren Region war ebenfalls dazu in der Lage CEACAM3 Bindung an das CEACAM1-spezifische 

Adhesin von Haemophilus influenzae herstellen.  Bemerkenswerterweise existiert in der modernen 

afrikanischen Population eine entsprechende CEACAM3 variante, welche in circa 30% der Bevölkerung 

mit zumindest einem Allele vertreten ist. Diese CEACAM3 Varianten im humanen Genpool könnten 

eine Ausprägung des fortlaufenden Wettlaufs zwischen Adaptionen des Erregers und Gegenadaption 

des Wirts sein. 

 



GENERAL INTRODUCTION 

 
10 

 

GENERAL INTRODUCTION 

Innate Immunity 

Acquisition of antimicrobial resistance mechanisms is considered a central element in the evolution of 

multicellular organisms (Steiner et al., 1981; Kimbrell and Beutler, 2001). In vertebrates protection of 

the host from invading pathogens is orchestrated by the interwoven action of both, adaptive and 

innate immunity. The former is based on specific immunological recognition but is dependent on the 

expansion of clonally distributed receptors encoded in rearranging genes (Janeway, 1992). This 

sophisticated system is a recent evolutionary innovation, exclusively found in vertebrates, and 

supplements the initial innate immune response (Fearon and Locksley, 1996; Thompson, 1995). As 

opposed to the characteristic highly specific response mounted by the adaptive immune system, which 

comes at the cost of delayed onset, rapid effector mechanisms triggered by characteristic, conserved 

microbial structures are the basis of innate immunity (Fearon and Locksley, 1996). These responses 

are often accompanied by a system of amplification or recruitment of additional effector systems to 

ensure pathogen neutralization. Reactions of the innate immune system represent the only defense 

strategy in lower phyla as a crucial, fast-acting defense against infections (Zanetti et al., 1997). 

Anatomical and physiological barriers  

Before being engaged by the innate immune system, colonizing microbes need to contest with an array 

of anatomic and physiologic barriers that have evolved to restrict and direct microbial growth on the 

host. Skin and mucosal surfaces are critical biological boundaries that function as effective barriers to 

most microbes. Based on the respective tissue these defenses are augmented with mucociliary 

clearance mechanisms on exposed sensitive surfaces such as the upper respiratory tract or low pH 

environments such as found in the stomach (Travis et al., 1999; Giannella et al., 1972). Other surfaces 

are rinsed by secreted fluids containing β-defensins, cathelicidins or lysozyme in tears, nasal secretion 

and saliva (Cole et al., 1999; Mason and Huffnagle, 2009; Flemming, 1922). Continuous epithelial cell 

renewal and increased exfoliation of colonized cells efficiently prevent bacteria from establishing a 

foothold on host surfaces (Muenzner et al., 2016; Radtke and Clevers, 2005). Efficient host colonization 

also necessitates subversion of host nutritional immunity. All living organisms require metal ions as 

catalytic cofactors. Paramount among both eukaryotes and prokaryotes is iron, which is critical for the 

function of oxidoreductases, respiration and various catalytic steps in biosynthesis and metabolic 

processes (Andreini et al., 2008). Host mechanisms that limit bacterial access to free transition metals 

present a potent countermeasure against invading microbes lacking sophisticated iron capturing 

systems (Hood and Skaar, 2012). 



GENERAL INTRODUCTION 

 

11 
 

Microbe- and damage-associated molecular patterns 

When anatomic and physiological barriers are breached the host relies on its innate immune system 

to recognize and contain invading pathogens. The central event of innate immune system activation is 

the recognition of molecular patterns typically associated with infectious agents. Such patterns are 

subdivided into two classes: microbe-associated molecular patterns (MAMPs), allowing direct sensing 

of the microbes, and damage-associated molecular patterns (DAMPs) or alarmins, permitting indirect 

tracking of microbes which obfuscate their patterns (Bianchi, 2007; Matzinger, 1994). MAMPs are a 

diverse set of microbial molecules, which share different recognizable biochemical features that allow 

discrimination from host-derived structures by various germline encoded pattern-recognition 

receptors (PRRs) (Janeway and Medzhitov, 2002). Due to the broad spectrum of challenges directed at 

PRRs, these receptors also cover an equally broad range of foreign patterns, from carbohydrates 

usually not exposed in vertebrates or proteins only present in bacteria over viral double-stranded RNA 

and uncapped single-strand RNA to a whole battery of molecules commonly released by microbes 

(Janeway, 1992). These receptors are considered to be evolutionarily selected for three main 

characteristics: polyspecificity, self-nonself discrimination, and rapid response kinetics. Polyspecificity 

is achieved by targeting universal microbial patterns that are essential for either microbial survival or 

indispensable for their pathogenicity. The respective PRRs mirror this high degree of conservation in 

the ligand structures, as most are found to be under strong purifying selection (Mukherjee et al., 2014; 

Deschamps et al., 2016). To avoid or delay recognition by the host, especially adept pathogens possess 

highly evolved stratagems that mask their patterns. This potential blind spot in innate immune 

surveillance is addressed by PRRs binding to endogenous DAMPs or alarmins. This group covers 

molecules primarily released rapidly following non-programmed cell death but are not released by 

apoptotic cells (Bianchi, 2007). Thereby general tissue damage can serve as a trigger, as it might be the 

consequence of the presence of a harmful microbe which provoked necrosis in the invaded tissue or 

it might be due to physical trauma. The latter is often accompanied by a breach of the aforementioned 

anatomical barriers protecting the host and therefore precedes a potential intrusion of microbes. In 

both scenarios, the activation of inflammatory pathways is essential to meet with the thread to the 

host's health (Matzinger, 1994). 

Cells of the innate immune systems 

The cellular innate immune system is composed of a diverse network of hematopoietic cell types, 

including dendritic cells (DC), monocytes, macrophages, and granulocytes. Their collaborative actions 

also intertwine with non-hematopoietic cells to promote immunity, recognition of microbes, and 

inflammation. 
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Epithelial cells lining the respiratory, urogenital and gastrointestinal mucous membranes are uniquely 

positioned at the interface between commensal colonization and microbe free tissue marking them as 

prime candidates to orchestrate immune responses. The basolateral membranes of these cells harbor 

various PRRs as well as direct antimicrobial effector molecules prepared to counteract any stray 

microbes (Abreu et al., 2005; Cario and Podolsky, 2005). Indeed, tissue-specific ablation of PRR-

pathways in epithelial cells have recently been shown to increase susceptibility to infections and 

dysregulation of inflammatory signal propagation (Zaph et al., 2007; Fritz et al., 2008). After crossing 

the epithelial barrier, microbes have to face professional tissue-resident sentinel cells, such as DCs, 

macrophages and mast cells (Zeytun et al., 2010).  

Inherently, dendritic cells are relatively quiescent cells that sample their environment by continues 

phagocytosis and pinocytosis (Janeway and Medzhitov, 2002). In their resting state DCs express a low 

level of Major Histocompatibility Complex 2 (MHC-II), a surface protein complex presenting antigens 

of previously phagocytosed proteins (Sporri and Reis e Sousa, 2005). After PRR mediated stimulation, 

DCs massively upregulated MHC-II surface expression and migrate out of the damaged or infected 

tissue into nearby lymph nodes. There they perform antigen presentation to naive T-cells triggering 

the clonal expansion of a specific T-cell population reacting to this unique MHC-II-antigen complex 

 

Figure 1: Systems of immunity in vertebrates. 
The microbial defense system can be simplistically viewed as consisting of 3 levels: anatomic and physiologic barriers; innate 
immunity; and adaptive immunity. In common with many classification systems, some elements are difficult to categorize. NK 
T cells and dendritic cells could be classified as being on the cusp of innate and adaptive immunity rather than being firmly in 
one camp. Modified from (Turvey and Broide, 2010). 
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(Joffre et al., 2009). Although DCs perform this critical conduit function between innate and adaptive 

immunity most efficiently, also B-cells and macrophages can function as antigen-presenting cells 

(Steinman and Swanson, 1995). Initiation of the specific response by naive T and B-cells is delayed by 

several days due to the need of clonal expansion meanwhile leaving the innate immune system to fend 

off the invading microbes (Trombetta and Mellman, 2005). 

Macrophages, another type of professional tissue-resident sentinel cells, instigate the first line of 

immediate offensive measures. They patrol most tissues in a substantial abundance and, similar to 

DCs, sample their environment by continues phagocytosis. However, upon engagement of MAMPs or 

alarmins via PRRs on their surface or in their endosomes macrophages do not leave the tissue but 

respond by activating an array of genes improving their ability to engulf and neutralize any microbe 

they encounter (Weiss and Schaible, 2015). These cells also stimulate the activation of the innate 

immune system by secreting cyto- and chemokines. The release of the cytokines Interleukin-1β (IL-1β) 

and Tumor Necrosis Factor alpha (TNFα) prompt nearby endothelial cells lining blood capillaries to 

enhance leukocyte recruitment by increased expression of leukocyte-integrin binding surface proteins 

such as Intercellular Adhesion Molecule-1 (ICAM-I) and Vascular cell adhesion protein 1 (VCAM-I) 

(Mackay et al., 1993). As a secondary effect, IL-1β and TNFα enhance vascular permeability which 

permits the recruited cells to follow a gradient of chemokines released by activated macrophages, such 

as Interleukin-8 (IL-8) and thus infiltrate the afflicted tissue (Royall et al., 1989). Foremost among these 

cells are neutrophils which, like macrophages, are adept at phagocytosis but usually are not permitted 

into the tissue due to their destructive potential, which can now be employed to control the microbial 

infection (Sadik et al., 2011).  

Antibacterial action of neutrophils 

Neutrophilic granulocytes are the dominant leukocyte population in the circulation and pivotal effector 

cells of innate immunity (Borregaard, 2010). Their name originates from their characteristic 

appearance with a high amount of neutrophil granules and vesicles which form during the myeloid 

differentiation process. Primary or azurophilic granules, which are formed first during the myoblast 

and promyelocyte stage, contain large amounts of myeloperoxidase (MPO) which is not produced in 

later stages of granulocyte differentiation. Therefore, granules produced at later differentiation steps 

lack peroxidase activity. Secondary or specific granules are rich in lactoferrin and low in gelatinase, 

while tertiary or secretory granules have the opposite composition, again reflecting the changing 

expression pattern from myelocyte and metamyelocyte stage toward immature and mature 

segmented neutrophils, respectively (Borregaard et al., 1995). This granule distinction also reflects 

their disparity in mobilization, as the release is reversed to the order of their formation (Borregaard 
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and Cowland, 1997). Lastly, secretory vesicles are formed in mature neutrophils. These harbour plasma 

proteins and membrane-associated receptors, such as Fcγ-receptor, complement receptor 1 (CR1) and 

complement receptor 3 (CR3), also known as macrophage-1 antigen (Mac-1) or integrin αMβ2 

(CD11b/CD18), ready to be deployed upon inflammatory stimuli (Sengelov et al., 1994; Miller et al., 

1987; Detmers et al., 1995). 

In the past these leukocytes have been regarded as purely granule releasing and phagocytic effector 

cells, lacking the capability to synthesize proteins once they are terminally differentiated. Activated 

neutrophils on the contrary, become more transcriptionally and translationally active following their 

infiltration into peripheral tissue (Scapini et al., 2000). While their individual release of synthesized 

cytokines, chemokines and lipid mediators is surpassed by macrophages, neutrophils still heavily 

contribute to the overall biological mediator production at the site of infection due to their 

overwhelming abundance (Cassatella, 1999). The foremost group of released mediators are 

themselves neutrophil-chemoattractants leading to a postive feedback loop on neutrophil recruitment 

(Sadik et al., 2011). Once neutrophils reach the site of infection, they can track and engage infiltrating 

microbes via their extensive repertoire of PRRs. Neutrophils rely on three distinct anti-infective 

strategies: the release of preformed antimicrobials packaged in granules, the formation of neutrophil 

extracellular traps (NETs), and phagocytosis of the microbe followed by bacterial killing mediated by 

an oxidative burst (Teng et al., 2017).  

Pattern recognition receptors 

The stimulation of all previously characterized cell types depends on the recognition of either MAMPs 

or DAMPs via their respective pattern recognition receptor repertoire. Each cell type possesses a broad 

spectrum of these germ-line encoded PRRs each recognizing either a wide range of similar targets, 

such as bacterial lipoproteins, or specifically interact with fundamental conserved microbial, damage 

or viral associated patterns like double-stranded RNA (Takeuchi and Akira, 2010). Currently, four major 

classes of PRR families have been described. Transmembrane proteins such as the Toll-like receptors 

(TLRs) and C-type lectin receptors (CLECs) recognise stimuli outside of the cell, while RIG-I-like (RLRs) 

and NOD-like receptors (NLRs) patrol the cell cytoplasm (Iwasaki and Medzhitov, 2004; Shiokawa et 

al., 2017; Xu et al., 2018; Kim et al., 2016). In addition to these classical PRR families, some specialized 

receptors further enhance the pattern coverage of the immune cells (Pils et al., 2008). This variety of 

cellular PRRs is ultimately complemented by humoral PRRs which are part of the therefore called 

complement system (Degn and Thiel, 2013). 
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Toll-like receptors 

The TLR family is the most extensively studied PRR family and is tasked with sensing invading 

pathogens both outside the cell and within intracellular endolysosomes (Akira et al., 2001). With this, 

the proper subcellular localization is thought to be necessary for ligand accessibility as well as the 

maintenance of tolerance to self-molecules. Although the exact gene number differs, most mammals 

possess between 10 and 15 TLRs (Iwasaki and Medzhitov, 2004). The TLRs are type I integral membrane 

glycoproteins sharing a characteristic domain structure comprised of leucine-rich repeats (LRRs) 

spanning the extracellular region followed by a helical transmembrane domain and a cytoplasmic Toll-

Interleukin-1-receptor homology (TIR) domain (Kawai and Akira, 2010). Remarkably, individual TLRs 

interact with several structurally unrelated ligands of exogenous and endogenous origin. These 

interactions are mediated by conserved extracellular LRR-domains, which comprise 19-25 contiguous 

motif copies (Takahashi et al., 1985). MAMPs recognized by TLRs include lipids, lipoproteins, proteins 

and nucleic acids derived from a wide range of pathogenic bacteria, viruses, fungi and also larger 

parasites. While ligand recognition is mediated by the LRRs, the intracellular TIR domain is required for 

triggered downstream signal transduction. Upon receptor activation by an appropriate ligand, the TLR-

TIR domains are engaged by receptor-specific TIR-domain containing adapter molecules initiating a 

signaling cascade that ultimately results in the induction of inflammatory cytokines via NF-κB signaling. 

Depending on the TLR-species, type-I interferon expression can complement cytokine release by the 

cooperative action of NF-κB and the transcription factor IRF3 (Akira et al., 2006). 

C-type lectin receptors 

The CLEC family includes more than 1000 type-II transmembrane glycoproteins, divided into 17 

subgroups according to structure and domain composition (Zelensky and Gready, 2005). Their 

common function is the recognition of carbohydrate structures that are highly abundant in fungi via 

extracellular C-type lectin-like domains and intracellular initiation of a signaling cascade (Shiokawa et 

al., 2017). Most commonly stimulated CLECs recruit spleen tyrosine kinase (Syk) via an 

immunoreceptor tyrosine-based activation motif (ITAM) or an ITAM-like motif (HemITAM) located on 

either the cytoplasmic domain of the respective CLEC or an associated co-receptor. Recruitment of Syk 

to the stimulated CLEC leads to Syk phosphorylation which in turn promotes signal propagation to the 

transcription factors NFAT, NF-κB and IRF5 and the expression of cell type specific anti-fungal 

responses. Remarkably, intracellular signaling pathways are shared by multiple CLECs, resulting in 

rather uniformal downstream signaling events once the receptor is engaged (Shiokawa et al., 2017). 
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NOD-like receptors 

The family of nucleotide-binding oligomerization domain (NOD)-like receptors (NLR) consists of 

cytoplasmic PRRs. These mediate immune surveillance of the cytosol and respond to MAMPs, such as 

bacterial cell wall peptidoglycan or microbial toxins, as well as to host-derived ligands such as uric acid 

released from damaged cell membranes (Motta et al., 2015). Similar to TLRs, ligand recognition is 

mediated by an LRR-domain while signal transduction is orchestrated by amino-terminal protein 

interaction domains and the NLR characterizing NACHT domain. Upon ligand detection, NLRs 

oligomerize via their NACHT domain to serve as a platform for downstream signaling leading to NF-κB 

activation and thereby activation of inflammatory responses (Kobayashi et al., 2002a). 

Rig-like receptors 

The RIG-I-like receptor (RLR) family covers three closely related cytoplasmic PRRs characterized by a 

nucleic acid interaction domain specialized on the recognition of double-stranded RNA. Remarkably, 

even though exclusively double-stranded RNA is recognized by these receptors, activation of their 

downstream signaling pathways could be shown for infection models of both dsRNA and ssRNA 

viruses. This trait originates from their recognition of both genomic RNA of dsRNA viruses as well as 

the double-stranded replicon intermediate of ssRNA viruses (Kato et al., 2006). All three RIG-family 

members recognize the same molecular structure but possess specific affinities to varying lengths of 

dsRNAs (Kato et al., 2008). As with other innate immune receptor signaling pathways, downstream 

signals of different RIG-like family members integrate into a common inflammatory signal via NF-κB 

driven expression of cytokines and IRF3/7 mediated expression of type-I interferons (Reikine et al., 

2014). 

The complement system 

While the previous addressed PRRs stand sentinel over the surface and the cytosol of cells, an intricate 

network of humoral serum PRRs provides additional surveillance of the extracellular space. 

Complement is a proteolytic cascade system comprising over 35 different soluble and membrane-

associated proteins. Many complement factors are proteases produced as initially inactive precursors. 

Their activation cascade is controlled via limited proteolysis and conformational changes through three 

conserved activation pathways: The classical pathway, the alternative pathway, and the lectin 

pathway. These pathways differ in their initial molecular triggers but converge farther downstream at 

complement factor-3 (C3), the most abundant complement protein in the blood (Degn and Thiel, 

2013). 

Immune complexes, consisting of IgG- or IgM-antibodies binding to pathogens or other foreign non-

self antigens activate the classical pathway. The exposed Fc-part of the immune complexes is 
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recognized by complement factors and serves as a platform for the assembly of a C3 convertase 

complex directly on the foreign structure. In contrast, the lectin pathway mediates antibody-

independent activation. Specialized carbohydrate binding proteins recognize pathogens including 

yeast, bacteria, viruses, and parasites. Binding to non-self carbohydrates leads to autoactivation of 

these PRRs and assembly of the same C3 convertase complex as utilized by the classical pathway. 

Lastly, the alternative pathway is triggered by lipids, proteins, and carbohydrates on foreign surfaces. 

A different convertase complex mediates C3 activation in the alternative pathway but once C3 is 

converted all complement pathways converge on the same anti-microbial effector response (Sarma 

and Ward, 2011). 

The assembly of either C3 convertase complex results in the formation of two active C3 cleavage 

products: C3a and C3b. C3a is a potent anaphylatoxin mediating a multitude of proinflammatory 

responses. As a chemoattractant, it recruits phagocytic leukocytes to the site of infection and facilitates 

their tissue entry via vasodilation and endothelial permeabilization and triggers oxidative bursts in 

neutrophils to promote microbial clearance (DiScipio et al., 1999). C3b is part of a convertase complex 

of other complement factors which are the critical trigger for the formation of the terminal 

complement complex (TCC), a membrane attack complex that inserts into the pathogen surface and 

leads to cell lysis. C3b also opsonizes the bound surface for phagocytic cells and thereby contributes 

to the amplification of the innate immune response via macrophages and neutrophils as well to the 

efficient activation of the adaptive immune system via phagocytic active antigen-presenting cells such 

as DCs and macrophages (Degn and Thiel, 2013). 

The evolutionary selection of innate immune genes 

Infectious diseases have always been preeminent selective pressures as failure to recognize invading 

microbes renders the host defenseless, which often cumulates in the reduction of lifespan and/or 

reproductive success (Fumagalli et al., 2011). In recent years the rise of population genetics facilitated 

research focusing on the antagonistic co-evolutionary nature of host and pathogen evolution and how 

natural selection shaped host defenses (Paterson et al., 2010; Barreiro and Quintana-Murci, 2010).  

The scientific community debates two opposing views concerning the resulting evolutionary course of 

innate immune proteins. The first states that innate immune receptors are ancient and thus had 

sufficient time to select for the most efficacious alleles targeting conserved or essential foreign 

structures and integrating signals from related receptors into unified responses. From this perspective 

purifying selection is the commanding aspect of the evolution in innate immunity (Mukherjee et al., 

2014). The other view expounds that the rapid evolution of pathogens dictates a selection for high 

allelic diversity in the host organism populations. Thereby it enhances target flexibility and prevents 
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the narrowing of the recognition spectrum over generations. This view places diversifying and 

balancing selection at the heart of innate immune evolution (Hughes et al., 2005; Ferrer-Admetlla et 

al., 2008). Both concepts draw considerable support from various examples within innate immune 

pathways, as individual involved genes underlie different selective forces. It has been suggested that 

genes involved in the sensing of infections, such as PRRs, tend to diversify more freely than gene 

implicated in the signaling and eliminating pathways (Chapman et al., 2016). Remarkably, this 

discrepancy has even been described for regions within the same gene. The signal transducing TIR-

domain of TLRs is under extensive purifying selection while the evolutionary restrains found the 

extracellular LRR-domains of surface TLRs is less pronounced. While this supports a balancing 

evolutionary view, the degrees of freedom of the LRRs varies significantly between different TLR genes. 

In this context, the rigidity on LRR domain variance is reflecting the molecular target of the receptor. 

In accordance, TLR3 and TLR7, targeting viral dsRNA and ssRNA in endosomes respectively, possess the 

most conserved LRR-domains (Mikami et al., 2012). 

Likewise, carbohydrate structure targeting C-type lectin receptors are caught in a bind between 

purifying selection of specific receptors for microbial surfaces and the constant struggle to keep up 

with new immune evading adaptations of constantly evolving pathogens. Seemingly, this challenge has 

been met by the vast expansion of the CLEC gene locus by gene duplication events and subsequent 

diversification. While this again is an exceptional example for diversifying selection on the gene family 

level, individual efficacious gene variants of several CLECs are highly conserved within the vertebrates 

underlining the undiminished influence of purifying selection (Ishikawa et al., 2017).  

Neisseria gonorrhoeae 

Gonorrhea - disease characteristics 

The gram-negative diplococcus Neisseria gonorrhoeae is the causative agent of gonorrhea, a sexually 

transmitted disease. An annual worldwide incidence of well above 78 million cases paired with the 

recent emergence of multiresistant strains marks N. gonorrhoeae as one of the rising threats to human 

health (Newman et al., 2015; Eyre et al., 2018).  

N. gonorrhoeae mainly colonizes the urogenital mucosa but can also infect the ocular, nasopharyngeal 

or anal mucosa of its human host (Lee et al., 2002; Noble et al., 1979; Danby et al., 2016). As the 

urogenital tract of men and women follow different developmental paths, they challenge the invading 

microbes with microenvironments vastly divergent in the molecular composition of epithelial surface 

structures. These differences cumulate in several sex-specific symptoms with a massive influx of 

neutrophil granulocytes to the colonized tissue as the common central hallmark of gonococcal 
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infection. (Rest and Shafer, 1989) While more than 90% of gonococcal male urethra infections exhibit 

extensive inflammation accompanied by a purulent discharge associated with the influx of immune 

cells and shedding of the epithelial cells over 50% of women with lower genital tract N. gonorrhoeae 

experience only subclinical symptoms. Unnoticed infections are considered to contribute immensely 

to the transmission and persistence of gonococcal infections in the human population. Prolonged 

asymptomatic gonococcal cervicitis is often followed by spreading to the upper urogenital tract leading 

to additional complications. In up to 45% of infected women ascending gonococcal infections have 

been observed which can lead to pelvic inflammatory disease (PID) increasing the threat of permanent 

fallopian tube scarring and thereby contributing to infertility or ectopic pregnancies (Edwards and 

Apicella, 2004; Quillin and Seifert, 2018). Besides, vertical maternal transmission to newborns during 

birth can result in neonatal blindness (Sandstrom, 1987). While local mucosal colonization is the 

prevalent form of gonococcal infections the rarer systemic or disseminated gonococcal infections 

cause severer diseases associated with gonorrheal arthritis, bacterial endocarditis or meningitis (Knapp 

and Holmes, 1975). Gonorrhoeae colonization also increases the risk of infection with human 

immunodeficiency virus. The acute inflammatory response, triggered by the gonococci, leads to the 

loss of mucosal integrity associated with increased susceptibility to HIV as well as increases local 

expression of viral RNA (Workowski et al., 2002; Chen et al., 2003).  

Mechanisms of immune evasion by Neisseria gonorrhoeae 

As a human-restricted pathogen, N. gonorrhoeae has developed sophisticated systems to secure its 

sole environmental niche. In constant struggle against the immune system of the host, N. gonorrhoeae 

employs three main strategies: evasion of an immune reaction by obfuscation of their patterns, 

diversion of antibodies and complement to decoy structures and active subversion of the immune 

signaling in host cells to ensure an insufficient immune response. 

Already on first contact with the host epithelium bacterial efforts to establish a foothold on the mucosa 

are challenged by the enhanced turnover and shedding of superficial epithelial cells. N. gonorrhoeae 

actively suppress this accelerated exfoliation response by triggering expression of CD105, a surface 

protein enhancing matrix adhesion (Muenzner et al., 2005; Muenzner et al., 2010). Opacity-associated 

(Opa) proteins on the outer membrane of Neisseria engage their molecular target, carcinoembryonic 

antigen-related cell adhesion molecule (CEACAM) family members, on epithelial cells to mediate the 

close interaction between the bacteria and the mucosal surface, which is critical for this process. After 

colonization of a host surface, N. gonorrhoeae can penetrate the epithelial barrier and infiltrate the 

tissue beneath. In this microenvironment iron availability is a limiting factor for neisserial growth 

(Grifantini et al., 2003). Unlike most other Gram-negative bacteria, Neisseria do not rely on iron-
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binding siderophores but rather use specialized transporters to scavenge iron directly from the human 

serum transferrin and can therefore circumvent host imposed nutritional immunity (Anderson et al., 

1994). 

Interestingly, invading N. gonorrhoeae are only poorly controlled by adaptive immune systems as 

specific antibody levels remain insufficiently low even after gonococcal infections (Hedges et al., 1999). 

Lack of adaptive protection against reinfection is due to a plethora of preventive and adaptive 

mechanisms mounted by the Neisseria. Firstly, the efficient and timely activation of specific T-cells 

requires mature stimulated DCs to migrate to the lymph nodes. Tissue-infiltrating Neisseria can directly 

suppress DC maturation via engagement of the CEACAM1 receptor on DCs and Opa-protein-dependent 

inhibitory signaling (Yu et al., 2013; Kammerer et al., 2001). Instead of activating adaptive immunity 

DCs respond with the upregulation of secreted and cell surface proteins with immunosuppressive 

properties, particularly Interleukin 10 (IL-10) and Programmed Death Ligand 1 (PD-L1) (Zhu et al., 

2012). Similarly, the activation and proliferation of T-lymphocytes can be arrested by Neisseria via 

inhibitory CEACAM1 signaling (Boulton and Gray-Owen, 2002). This effect is not exclusive for the 

bacteria themselves but is also enforced by outer membrane ‘blebs’, which are continuously shed by 

N. gonorrhoeae. As the surface composition of these blebs closely mirrors the bacteria they are also 

able to capture any specific antibodies in the Neisseria colonized tissue. Thereby these blebs are 

thought to create a zone of adaptive immune repression around the site of infection, protective also 

for other co-infecting pathogens (Pettit and Judd, 1992; Lee et al., 2007). 

Furthermore, antibodies produced to counter gonococcal infection often lack efficiency due to the 

rapid flux characterizing gonococcal surface composition. The exposed antigens undergo frequent and 

rapid alterations either by phase or antigen variation. In Neisseria, approximately 75 genes undergo 

random phase variation by slippage of DNA polymerase on pentameric repeat sequences in their 

coding sequence leading either to functional in-frame gene products or complete loss of expression by 

out-of-frame mutation (Meyer and van Putten, 1989; Jordan et al., 2005). While phase variation 

entirely switches the expression state of individual gene products antigenic variation changes the 

peptide sequence of expressed proteins. In Neisseria, this process is best understood for the pilin 

subunit pilE a high-abundance surface exposed protein. Despite its accessibility for antibodies, pilE 

provides only unsubstantial antigenicity due to its extraordinary variability. The pilE encoding locus 

frequently exchanges sequence cassettes with its silent gene copy pilS or pilE/S copies acquired by 

horizontal gene transfer with the help of a specialized recombinase system (Hill and Davies, 2009). 

Such a stochastically modulated gene expression inherently introduces diversity in the infecting 

population further eroding the host's capabilities to mount an all-encompassing adaptive response 
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(Wisniewski-Dye and Vial, 2008). Opsonization by antibodies binding to N. gonorrhoeae despite these 

mechanisms can still be prevented by the neisserial secreted IgA1 protease. It efficiently cleaves the 

Fc-part from IgA1 antibodies, rendering them unable to mediate interaction with Fcα-receptors on 

innate immune cells (Hauck and Meyer, 1997; Chintalacharuvu et al., 2003; Bakema and van Egmond, 

2011). 

Interestingly, lack of antibody recognition also subverts activation of the complement system via the 

classical, IgG or IgM-dependent, pathway. N. gonorrhoeae proves resistant to human (and 

chimpanzee) serum but not to the complement derived from more distant primates or other 

mammals, emphasizing the high degree of evolutionary host specialization. Again multiple 

mechanisms contribute to neisserial complement evasion, most notable the scavenging of the 

alternative pathway complement inhibitor factor H by sialylated lipooligosaccharides and the proinA1 

protein efficiently masking the Neisseria as a host self-surface (Ngampasutadol et al., 2008; Blom et 

al., 2009; Ram et al., 2001). Since gonococci are so adept at evading, inhibiting and diverting the 

adaptive immune response as well as the complement system gonococcal infections are primarily 

cleared by the cellular branch of the innate immune system. Accordingly, the characteristic symptoms 

of gonococcal infections arise from the localized massive tissue infiltration by neutrophils (Rest and 

Shafer, 1989). 

Opacity associated proteins 

Opacity associated (Opa) proteins derive their name from the opaque colony phenotype evoked by 

their expression. The abundance of Opa variant encoding gene loci in different Neisseria strains is 

commonly between 10 and 11 and rarely differs from this number (Bhat et al., 1992; Dempsey et al., 

1991; Connell et al., 1990). In contrast, the number of expressed Opa-proteins can differ strongly even 

within a population as Opa protein expression is subject to phase variation due to pentameric repeats 

within each 5’ coding region (Stern et al., 1986). The frequency of Opa phase variation in gonococci is 

estimated to be approximately 10-3 per cell per generation enforcing heterogeneous populations 

(Mayer, 1982).  

All Opa family members share the common structure of an outer membrane immersed β-barrel 

comprised of eight antiparallel β-strands linked by four extended extracellular loops. Only one of these 

loops is highly conserved over different Opa variants while another is described as semi-variable and 

the remaining two loops exhibit strong variability. This variability is not only limited to Opa variants 

within one given stain but also increases the diversity between different N. gonorrhoeae strains 

immensely. Exemplary, a former study found no matching Opa proteins within 14 unrelated strains. 

This remarkable diversity is thought to arise from frequent homologous recombination events 
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between Opa loci exchanging parts of their variable loops (Bilek et al., 2009). The combination of phase 

variable expression paired with relatively common loop recombination leads to an ever-changing 

repertoire of numerous variant combinations differing in structure and their respective affinity for 

their molecular targets.  

Interestingly, while Opa expression is not essential for N. gonorrhoeae grown in culture medium 

reisolates from the urethra of male volunteers infected with Opa-negative gonococci where 

predominantly Opa-positive (Swanson et al., 1988; Jerse et al., 1994). This attests to the strong in-vivo 

selection for the opaque phenotype in their natural host and also explains how such a genetically 

unstable gene family can be selected for constant functionality rather than structural identity.   

Functionally Opa-proteins play a central role in the establishment and the maintenance of host 

colonization (Swanson et al., 1987). Following loose epithelial attachment via the pili, Opa proteins 

mediate a more intimate interaction with host surface structures. One distinct Opa-protein (Opa50) 

directly interacts with heparan-sulfate proteoglycans (HSPGs) and via vitronectin or fibronectin with 

integrin αvβ4 or α5β1, respectively. This provokes actin cytoskeleton remodeling and engulfment of the 

bound pathogen by epithelial cells (van Putten and Paul, 1995; Duensing and van Putten, 1997; Gomez-

Duarte et al., 1997; van Putten et al., 1998). With this specificity pattern, Opa50 seems to be an 

exception in the Opa family as most other members mediate interaction to another surface protein 

class: Members of the carcinoembryonic antigen-related cell adhesion molecules (CEACAMs) (Roth et 

al., 2013). 

The CEACAM family 

The carcinoembryonic antigen (CEA) family comprises the CEACAMs and the pregnancy-specific 

glycoproteins (PSGs). Both are characterized by an amino-terminal Immunoglobulin variable (IgV)-like 

domain followed by varying numbers of immunoglobulin constant (IgC)-like domains. While all PSGs 

are soluble proteins released into the maternal blood by the syncytiotrophoblast during pregnancy, 

most human CEACAM family members are expressed as highly glycosylated surface proteins anchored 

to the membrane either by a helical transmembrane domain or a glycosylphosphatidylinositol (GPI) 

anchor (Thompson et al., 1991; Chang et al., 2013). Phylogenetic analysis revealed that five primordial 

CEA gene family members are deeply rooted in the mammalian lineage and underwent extensive 

selection for diversification. Due to the amplification of the ancestral CEACAM1 gene, the number of 

related genes varies considerably between mammalian species from less than five in lagomorphs to 

more than 100 in bats (Kammerer and Zimmermann, 2010). In humans, twelve CEACAM genes are 

expressed on various tissues, but predominantly on cells of the epithelial or hematopoietic lineage 
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(Virji et al., 1996a; Gray-Owen et al., 1997a). The evolution of distinct CEACAM variants is more closely 

addressed in chapter III.  

Their structural diversity is reflected in the complex network of physiological functions involving 

CEACAMs. Several epithelial CEACAMs (CEACAM1, CEA, and CEACAM6) contribute to intercellular 

adhesion by homophilic or heterophilic interaction with other CEACAMs or as receptors for soluble 

extracellular proteins which is instrumental for signaling events affecting cell proliferation, 

differentiation as well as the functional organisation of tissues (Nouvion et al., 2010; Yokoyama et al., 

2007; Najjar, 2002). While CEA expression is restricted to epithelial cells, CEACAM1 is also strongly 

expressed on endothelial cells, various lymphocytes and myeloid cells where it is involved in the 

regulation of angiogenesis as well as immune responses (Gray-Owen and Blumberg, 2006). Specifically, 

neutrophil granulocytes harbor a diverse repertoire of CEACAM molecules, simultaneously expressing 

CEACAMs found on epithelial cells (CEACAM1 and CEACAM6) and granulocyte exclusive CEACAMs 

(CEACAM3, CEACAM4, and CEACAM8) (Skubitz and Skubitz, 2008). 

Interestingly, interaction with gonococcal Opa proteins seems to be restricted to four human CEACAM 

family members: CEACAM1, CEACAM3, CEA, and CEACAM6. The cell type specific differences in 

CEACAM glycosylation do not affect CEACAM-Opa interactions as these are mediated via the non-

glycosylated CC’FG-face of the amino-terminal IgV-like domain (Popp et al., 1999; Kuespert et al., 

2007). Even though the IgV-like domains of these CEACAM proteins are highly similar individual Opa 

proteins commonly exhibit particular CEACAM binding patterns. Accordingly, most gonococcal Opa 

proteins recognize one or several epithelial CEACAMs (CEACAM1, CEA, CEACAM6) while no exclusive 

CEACAM3 interacting Opa proteins have been identified (Roth et al., 2013; Bos et al., 1999).  

Both highly variable Opa-loop regions are indispensable for engagement of their respective CEACAM 

targets (Rest and Shafer, 1989; Virji et al., 1999). Surprisingly, Opa-hybrid proteins combining two 

variable loops stemming from different Opa proteins engaging the same CEACAMs failed to retain 

binding to any CEACAMs. Thus, the primary sequence of individual Opa protein variable loops alone is 

insufficient for receptor recognition (Bos et al., 2002). This again emphasizes selection for Opa protein 

function rather than maintained loop function and the necessary harmonic cooperation of both highly 

variable loops (de Jonge et al., 2003).  Due to this complex interaction framework, the subtle structural 

elements dictating CEACAM-adhesin binding patterns are only vaguely understood. 

Binding of Opa proteins to epithelial CEACAMs promotes tight adherence to the epithelium and 

reinforces initial pili anchorage. This tight connection is essential to allow gonococcal produced nitric 

oxide to permeate into the epithelial cell and trigger upregulation of factors enhancing cell-matrix 
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adhesion, efficiently suppressing the exfoliation response (Muenzner et al., 2010). Furthermore, 

gonococcal engagement of epithelial CEACAMs leads to bacterial internalization and transcytosis 

through the epithelial cells allowing access to the subepithelial space (Wang et al., 1998). Functionally, 

the internalization process by epithelial CEACAMs is sensitive to the disruption of cholesterol-rich 

membrane microdomains, so-called lipid rafts, but unaffected by inhibition of Src-family kinases 

(Schmitter et al., 2007b). As described earlier, following tissue infiltration Opa engagement of 

CEACAM1 in DCs and T-cells suppresses activation of the adaptive immune system via inhibitory 

signaling (Kammerer et al., 2001; Yu et al., 2013; Boulton and Gray-Owen, 2002). 

CEACAM3 interaction influences gonococcal fate in neutrophils 

In striking contrast to the benefits incurred from binding to CEACAM1 and other epithelial CEACAMs 

binding to the granulocyte-specific CEACAM3 results in rapid phagocytosis and elimination of the 

bacteria by human granulocytes (Buntru et al., 2012). The internalization process mediated by 

CEACAM3 differs fundamentally from the process described for epithelial CEACAMs, as it is lipid-raft 

independent but strongly reliant on the action of Src-family kinases (Schmitter et al., 2007a; Schmitter 

et al., 2007b). The mechanistic details underlying this process are discussed extensively in chapter I 

and II. 

Remarkably, gonococcal survival within neutrophils has also been demonstrated, implying that 

phagocytosis by host granulocytes is not always detrimental for N. gonorrhoeae (Witt et al., 1976; 

Casey et al., 1979).  Neutrophils employ multiple pathways leading to bacterial phagocytosis. Foremost 

opsonization of the bacterial surface by complement complexes leading to phagocytosis via Fc-

receptors. The nascent phagosomes mature by fusion with cytoplasmic granules of which the primary 

granule subset carries the most efficient antigonococcal agents (Borregaard et al., 2007). Serum-

opsonization mediated phagosomes lack primary granule components. Residence within these 

immature phagosomes in early infections is associated with enhances bacterial viability even after the 

eventual phagosome maturation. Gonococci are thought to exploit the delay in antimicrobial release 

with the upregulation of genes fortifying them for the eventually toxic environment (Johnson and Criss, 

2013). 

In contrast, Opa expressing Neisseria can also be internalized by CEACAM3 in an opsonin-independent 

manner (Hauck et al., 1999). Gonococci that engage CEACAM3 are rapidly internalized into mature 

phagosomes with enhanced antimicrobial success. Both processes, CEACAM3 signaling and the 

mobilization of primary granules to the neutrophil phagosome are linked by the action of Src family 

kinases (Johnson et al., 2015; Hauck et al., 1998). 
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Epidemiological evidence suggests that gonococcal Opa genes are under evolutionary selective 

pressure to evade CEACAM3-recognition while maintaining affinity to other CEACAMs to assist 

epithelial colonization and immune modulation (Islam et al., 2018; Sintsova et al., 2015). This train of 

thought is also supported by the lack of Opa proteins binding exclusively to CEACAM3, a seemingly 

purely adverse trait for pathogenic bacteria (Roth et al., 2013). 

Other CEACAM binding bacteria 

Nearly thirty years passed since the first reports of bacteria interacting with CEACAM family members 

(Leusch et al., 1990). Since then close to a dozen commensal and pathogenic gram-negative species 

have been characterized to target one or several CEACAM family members to facilitate mucosal 

colonization. Naturally, much of the past research was directed at the most pathogenic and prevalent 

among them. 

Neisseria meningitidis is estimated to continuously colonize up to 30% of the human population 

asymptomatically (DeVoe, 1982). The mechanisms leading to a disruption of the commensal 

relationship is not entirely understood, but the dissemination of meningococci is associated with the 

most rapidly advancing and severe forms of life-threatening septicemia and meningitis (Apicella, 2010). 

Similar to gonococci, meningococci establish themselves on mucosal surfaces but are best adapted to 

the human upper respiratory tract. The genome encoded adhesin repertoire of N. meningitidis includes 

up to four Opa variants that are structurally distinct but related to the Opa proteins found in N. 

gonorrhoeae (Virji et al., 1996b; Achtman, 1995). These variants are also able to mediate tight adhesion 

to CEACAM family member-expressing epithelial, endothelial and phagocytic cells (Virji et al., 1993). 

Remarkably, CEACAM-binding Opa protein variants are not restricted to pathogenic Neisseria species. 

Neisseria lactamica and Neisseria subflava also express functionally and structurally related opa genes 

permitting them to occupy and compete with pathogens for receptors on the human mucosa. 

Observations from genomic analysis covering multiple Neisseria species suggest horizontal acquisition 

of opa genes by commensals from both pathogenic opa pools  (Toleman et al., 2001; Malorny et al., 

1998). 

Haemophilus influenzae shares the rich habitat presented by the upper respiratory tract mucosa with 

commensal and pathogenic Neisseria species. Similar to N. meningitidis, H. influenzae colonizes the 

mucosal surface as a commensal, but can also cause local and systemic disease. Especially under 

predisposing conditions (e.g. age, viral infections, immunodeficiency) clinical manifestations range 

from otitis media, conjunctivitis and sinusitis to severe meningitis and H. influenzae has also been 

implicated in the exacerbation of COPD cases (Rao et al., 1999; Van Eldere et al., 2014; Agrawal and 

Murphy, 2011; Norskov-Lauritsen, 2014). In vivo, colonization by H. influenzae depends on interaction 
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with epithelial CEACAMs as well (Bookwalter et al., 2007). This interaction is mediated by the outer-

membrane protein P1 (OMP P1) a homolog to the FadL fatty-acid transporter found in E. coli (Tchoupa 

et al., 2015). This adhesin is composed of a long β-barrel consisting of 14 antiparallel β-strands 

connected by seven extended extracellular loops. Analogous to gonococcal Opa proteins, interaction 

with CEACAM family members is dictated by the sequence of the extracellular loops which differs 

vastly between several analyzed strains. Likewise, the molecular basis for the CEACAM interaction 

cannot be attributed to an individual loop but again is orchestrated by the harmonic contribution of 

several loops. Most OMP P1 variants can mediate binding to CEACAM1, and several also bind CEA but 

only OMP P1 derived from Haemophilus influenzae biotype aegyptius interacts with CEACAM1, CEA, 

and CEACAM3 (Tchoupa et al., 2015). Surely, the amino-terminal CEACAM domain is the molecular 

receptor of OMP P1, but the exact IgV-like domain structures influencing receptor-adhesin 

discrimination remain uncharacterized. 

Moraxella catarrhalis also inhabits the respiratory tract of humans and is one of the most prevalent 

causes of otitis media in children and purulent conjunctivitis or sinusitis in adults (Hill and Virji, 2003). 

Its CEACAM binding adhesin, the ubiquitous surface protein A1 (UspA1), is structurally distinct from 

the structures found in Opa proteins or OMP P1 variants. UspA1 monomers consist of an elongated 

stalk region connecting the extracellular amino-terminal β-sheet based globular head domain with a 

membrane immersed β-barrel. UspA1 homotrimers form stable docking platforms extended away 

from the bacterial membrane (Koretke et al., 2006; Hill et al., 2005). Despite the structural differences, 

UspA proteins bind to the same region on the amino-terminal CEACAM domain that is also utilized by 

Opa proteins (Villullas et al., 2007). 

Diffusely adhering Escherichia coli (DAEC) are a subgroup of pathogenic E. coli associated with enteric 

and urinary tract infections in humans and other mammals (Servin, 2005). Interaction with epithelial 

CEACAMs is mediated by afimbral adhesin (Afa) proteins (Guignot et al., 2009). The crystal structure 

of one such adhesins revealed it to consist of a specialized Ig-like fold missing a central antiparallel β-

strand and possessing an amino-terminal extension. Correct folding of the Ig-like fold requires a 

specific chaperone to supply the missing β-strand. Following transport to the bacterial surface, the 

chaperon strand is displaced by the amino-terminal extension of another Afa-monomer effectively 

forming a complex interlocking macrostructure (Korotkova et al., 2006; Anderson et al., 2004). 

Helicobacter pylori colonize the gastric epithelium of half of the world population. Chronic 

inflammations elicited by this bacterium is the prominent cause of gastric ulcer disease and gastric 

cancer (Salama et al., 2013). The HopQ adhesin has been identified to be a critical factor for host 

colonization as it allows tight adherence to the gastric epithelium and is essential for translocation of 
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the CagA toxin from H. pylori to the epithelial cells via its type IV secretory system (Belogolova et al., 

2013). This tight adhesion is mediated by specific interaction with CEACAM1 on the gastric epithelial 

surface (Javaheri et al., 2016). Recently, the crystal structure of HopQ in complex with amino-terminal 

IgV-like domain of CEACAM1 was made available, unveiling the exact molecular sites contributing to 

the highly specific interaction. As with neisserial Opa proteins and M. catharrhalis UspA1, interaction 

was mediated via the unglycosylated CC’FG-face of the Ig-fold attesting to the common interface 

utilized by structurally unrelated and independently evolved adhesins (Moonens et al., 2018; Bonsor 

et al., 2018). 

Evidently, exploiting epithelial CEACAMs is highly advantageous for commensals and pathogens alike. 

They utilize these surface receptors to establish colonization, mediate translocation of virulence 

factors, reduce epithelial exfoliation, trigger host-mediated tissue penetration and even modulate 

immunological processes to their advantage. This is reflected by the high diversity of independently 

evolved adhesin structures adapted to a common functionality. The granulocyte specific innate 

immune receptor CEACAM3 specifically bolsters antimicrobial defenses against immune evasive 

pathogens targeting these highly advantageous structures, turning the strength of the pathogen 

against themselves. 



AIMS OF THE STUDY 

 
28 

 

AIMS OF THE STUDY 

Several human-adapted microbe families utilize CEACAM proteins on epithelial surfaces to establish 

successful host colonization. Some of these microbes, such as Neisseria gonorrhoeae and Neisseria 

meningitides, can cause severe diseases in their afflicted hosts. The granulocyte specific innate 

immune receptor CEACAM3 acts as a safeguard to protect against these infiltrating pathogens by 

exploiting their own adhesins to facilitate pathogen clearance. The molecular mechanisms defining 

this recognition of pathogenic bacteria and the intracellular signaling process triggered by it are the 

center of this study.  

Firstly, to investigate the intracellular signaling processes governing the phagocytosis, we set out to 

construct a CEACAM3-expressing myeloid cell line to enable CRISPR-based screening in a relevant 

cellular background. Previous studies have focused predominantly on activating regulators of 

CEACAM3-mediated phagocytosis, while the role of negative regulators has been neglected. By 

employing next-generation sequencing technologies we strife to venture beyond this point and 

identify previously unknown regulators. 

Secondly, implication of receptor-type protein tyrosine phosphatases C (PTPRC) as a negative regulator 

of CEACAM3-mediated phagocytosis prompted us to extend investigations into all human PTPR family 

members and assess their influence on this process. Interestingly, PTPRC has previously been 

described to contribute to pathogen phagocytosis mediated by Dectin-I, another HemITAM bearing 

innate immune receptor, by the formation of a phagocytic synapse. The validity of this model should 

be explored in the context of CEACAM3 phosphorylation following bacterial engagement, which is then 

the basis for its derived antimicrobial functions.  

Finally, we explore the intricacies of the pathogen recognition by the CEACAM3 extracellular IgV-like 

domain. Interestingly, CEACAM1 and CEA have recently been identified to be among the fastest 

evolving human genes. We investigate if CEACAM3 is under similar high selective pressure to keep up 

with pathogens which are in turn under selection to evade recognition by immune receptors. By tracing 

the evolutionary course of the CEACAM3 receptor, critical regions for adhesin selectivity in the IgV-

domain might be revealed. Similar, the IgV-domain regions utilized by pathogenic bacteria to 

distinguish between advantageous binding to epithelial CEACAMs and the disadvantageous binding to 

granulocyte CEACAM3 should be addressed.



 

 

29 
 

  



 

 
 

 

 

Chapter I 

 

 

Genetic screening for regulators 

involved in CEACAM3-mediated 

phagocytosis using the  

CRISPR/Cas9 system 

 

 

Jonas Adrian1, Johannes Kuiper1, and Christof R. Hauck1,2 

 

1 Lehrstuhl für Zellbiologie, Universität Konstanz, 78457 Konstanz, Germany 

2 Konstanz Research School - Chemical Biology, Universität Konstanz, 78457 Konstanz, Germany 

 



CHAPTER I - ABSTRACT 

 

31 
 

ABSTRACT 

In recent years, the scientific utilization of the bacterial CRISPR/Cas9 system for genome editing has 

greatly advanced the options for mammalian genetic manipulation. The application of large lentiviral 

libraries allows to target all individual gene products of a cell type at once and perform phenotypical 

categorization. Combined with next-generation sequencing, genotypes can be associated with specific 

phenotypic manifestations. In this study, we describe a specialized application of this system to 

investigate the process of CEACAM3-mediated phagocytosis of pathogens by human neutrophils. We 

engineered a sensitive phagocytosis reporter cell line from a myeloid leukemia cellular background to 

mimic the phagocytic machinery in a cellular context highly similar to human neutrophils. From these 

cells, a knockout collection was generated using a lentiviral library comprised of 60.000 unique sgRNAs 

redundantly targeting over 19.000 human genes. Flow cytometry assisted phenotypic characterization 

and separation based on phagocytic efficiency revealed known mediators of CEACAM3 signaling as 

well as novel potential positive and negative regulators of phagocytosis. Among these, we identify 

CYRI, a membrane-associated GTP-Rac binding protein that presumably interferes with the formation 

of lamellipodial protrusions as it competes with the WAVE-complex for GTP-loaded Rac downstream 

of pathogen-activated CEACAM3. Collectively, these results establish HL60 CEACAM3 cells as a 

powerful tool for systematic genetic analysis of CEACAM3 mediated phagocytosis using the 

CRISPR/Cas9 system for individual or genome-wide knockout assays and reveal new potential 

regulators of phagocytosis in neutrophils.   
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INTRODUCTION 

Professional phagocytes play a central role in the initiation of the innate immune processes directed 

against viral, bacterial or fungal pathogens. Their recognition and phagocytosis by tissue-resident 

sentinel macrophages are instrumental in the recruitment of neutrophils to the site of infection. Both 

macrophages and neutrophils possess an extensive and sophisticated arsenal of phagocytic receptors 

and signaling pathways uniquely qualified to mediate engulfment of large particles (>0.5 µm). This 

phagocytosis can either be initiated directly, through pattern recognition receptors (PRRs) recognizing 

pathogen surface structures or indirectly after pathogen opsonization with humoral serum factors. 

Commonly, cellular engagement of multivalent particles leads to receptor clustering on these 

membranes and the formation of signaling platforms in the cytosol directly underneath. Often the 

receptors themselves, or recruited receptor subunits, contain an immunoreceptor tyrosine-based 

activation motif (ITAM) as their central signal transducing element. Remarkably, this potent motif can 

promote diverging receptor-specific signaling pathways affecting phagocytosis as well as pathogen 

clearance processes. 

Receptors possessing the canonical ITAM sequence (YxxL/Ix(6-12)YxxL/I), as found in Fcγ receptors 

(FcγRs), B-cell receptors or the T-cell receptor ζ-chain, initially follow a mutual activation pattern (Reth, 

1989; Andreotti et al., 2010; Harwood and Batista, 2010; Ravetch and Bolland, 2001; Gilfillan and 

Rivera, 2009). FcγR engage immunoglobulin G (IgG) opsonized particles which allows Src-family kinases 

to phosphorylate both its ITAM tyrosine residues (Suzuki et al., 2000). This dual tyrosine-

phosphorylation generates the binding structures required for Syk-family kinases which in turn 

mediate phosphorylation of various downstream factors cumulating in activation of actin cytoskeleton 

remodeling and formation of lamellipodial protrusions that engulf bound particles. This is driven by 

Syk-mediated activation of RAC1 and RAC2 which in turn activate actin-related protein 2/3 (Arp2/3) 

via the Wiskott-Aldrich syndrome protein (Coppolino et al., 2001; May et al., 2000). The identity of 

guanine nucleotide exchange factors (GEFs) responsible for FcγR dependent RAC activation is subject 

of debate, but several studies attribute this role to the GEF-Protein Vav (Patel et al., 2002; Hall et al., 

2006). 

In contrast, members of the C-type lectin receptor family (CLEC) mediate direct, opsonin-independent, 

recognition of carbohydrate surface structures. Dectin-I, a CLEC-receptor predominantly expressed on 

macrophages, acts as a phagocytosis-mediating PRR recognizing β–glucans in fungal cell walls 

(Goodridge et al., 2009). Similar to FcγRs,  Dectin-I clustering induces phosphorylation of its 

cytoplasmic ITAM-like sequence. Though the ITAM-like motif found in Dectin-I contains two 
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appropriately spaced tyrosine residues, only the membrane proximal consensus (YxxL/I) follows the 

canonical ITAM sequences while the membrane distal tyrosine is embedded in a diverging motif 

(YxxxL/I). Interestingly, the so coined HemITAM found in Dectin-I can mediate rapid phagocytosis and 

pathogen inactivation via superoxide production (Fuller et al., 2007; Rogers et al., 2005). A strikingly 

similar HemITAM (YxxLx(7)YxxM) is located at the cytoplasmic domain of a neutrophil-specific innate 

immune receptor specialized on the recognition of distinct microbial adhesins: carcinoembryonic 

antigen-related cell adhesion molecule 3 (CEACAM3) (Buntru et al., 2012). 

CEACAM3 engages surface proteins of Neisseria gonorrhoeae, Neisseria meningitidis,  Moraxella 

catarrhalis, Haemophilus aegyptius, and several other pathogenic bacteria (Hauck et al., 1998; Virji et 

al., 1996a; Hill and Virji, 2003; Tchoupa et al., 2015). Similar to the activation of β–glucan-particle 

bound Dectin-I, receptor clustering leads to HemITAM phosphorylation by Src-family kinases. 

Phosphorylation of the CEACAM3 membrane proximal HemITAM tyrosine residue is essential and 

sufficient for pathogen phagocytosis and superoxide production which constitutes a notable 

divergence from canonical ITAM signaling processes of FcγRs (Fuller et al., 2007; Rogers et al., 2005; 

Schmitter et al., 2007b; McCaw et al., 2003). The GEF Vav, which is argued to be involved in RAC 

activation downstream of Syk after FcγR stimulation, has been shown to directly interact via its SH2 

domain with the proximal phospho-tyrosine of the CEACAM3 ITAM-like motif (Schmitter et al., 2007a). 

The Identification of direct Vav association with CEACAM3 helped to infer an alternative HemITAM 

mediated phagocytosis pathway cutting directly to Rac activation in a Syk independent manner, as 

attested for CEACAM3 and Dectin-I signaling (Sarantis and Gray-Owen, 2007; Underhill et al., 2005; 

Herre et al., 2004). While Vav recruitment to the phosphorylated HemITAM has been identified as a 

fundamental event of CEACAM3 mediated pathogen internalization the mechanistically understanding 

of this process is far from complete. Pathogen recognition and internalization have to be a tightly 

regulated process to ensure efficient clearance of invading microbes. Especially the identification of 

negative regulators involved in CEACAM3 dependent phagocytosis would deepen our understanding 

of the triggered pathways.  

In this study, we took advantage of the recently expanded toolbox for mammalian genetic screening 

presented in the CRISPR/Cas9 genome editing system and the availability of viral CRISPR libraries 

targeting the human genome (Wang et al., 2014; Wu et al., 2014; Shalem et al., 2014). We describe 

the particular challenges posed by genomic screens for factors involved in the dynamic processes of 

phagocytosis in human neutrophils. Our observations implicate a number of further possible regulators 

of HemITAM signaling. Specifically, several proteins known to regulate ubiquitination, receptor 

internalization, actin cytoskeleton remodeling and the activity of small GTPases were identified as 
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potential new regulators for the intricate CEACAM3 phagocytic pathway.  Foremost among these are 

CYRI and NEED4. CYRI is a plasma membrane-anchored protein that has been shown to compete with 

the WAVE-complex for GTP-loaded Rac and thereby restricts lamellipodial protrusions while the 

NEDD4 might affect the availability of inhibitory phosphatases involved in CEACAM3-mediated 

phagocytosis.

RESULTS 

Transducability of HL60 cells by lentiviral particles is notably enhanced by spinfection and 

suppression of cell-particle charge repulsion 

The human GeCKO (Genome-Scale CRISPR Knock-Out) v2A library consists of over 60,000 single-

guide RNAs (sgRNAs) targeting 19,050 protein or miRNA encoding genes, covering roughly 95% of the 

known human genes (Sanjana et al., 2014). Each of the pooled lentiviral plasmids also containing the 

Cas9 gene. Individual lentiviral particles produced from this plasmid pool are therefore equipped with 

all necessary components to introduce double-strand breaks in their respective target gene. Non-

homologous repair of these genes can lead to a frameshift mutation and gene disruption, abrogating 

the gene product. Most functional investigations directed at CEACAM3-mediated phagocytosis have 

either been performed on primary neutrophils, the sole cell type naturally expressing CEACAM3, or in 

recombinant expression systems, mainly of epithelial origin. (Buntru et al., 2012; Sintsova et al., 2017) 

As the background of cell lines vastly determine their protein expression pattern, investigations on 

epithelial cells to elucidate regulatory elements contributing to CEACAM3-mediated phagocytosis are 

expected to introduce a profound bias. Correspondingly, a genome-wide CRISPR knockout screen 

would be blind to the effects of gene products restricted to the myeloid lineage. Primary neutrophils, 

on the other hand, while exhibiting the optimal cellular background present an unfeasible system for 

CRISPR based genomic screens. This is mostly founded in the exceptionally short circulatory lifespan 

of neutrophils as well as their tendency to undergo rapid spontaneous activation ex-vivo. These factors 

make genetic modification approaches impractical as phenotypic manifestation of CRISPR/Cas9-

induced gene disruption is delayed based on the previous equilibrium of gene product stability and 

regular expression levels (Athens et al., 1961; Sanjana et al., 2014). The naturally low transcriptional 

activity of unstimulated neutrophils further aggravates this matter. (Kobayashi et al., 2002b) To 

consider cellular background suitability and methodical requirements, the HL60 acute myeloid 

leukemia cell line serves as an excellent model for the investigation of CEACAM3-mediated 

phagocytosis. It converges a granulocyte-linage origin to validate the relevance of results with the 

practicability of a genetically modifiable system making it the ideal candidate for a CRISPR-Cas9 screen. 
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The vast number of unique plasmids contained in the pooled human GeCKO plasmid library necessitate 

high efficiency on all intermediate steps from lentiviral particle production to phenotype 

characterization. To optimize viral particle production and transduction of HL60 cells a lentiviral GFP 

reporter plasmid was co-transfected into HEK cells with the appropriate lentiviral packaging plasmids. 

HL60 transduction efficiency with virus-containing cell culture supernatants harvested after 24, 48 or 

72 hours was quantified by GFP fluorescence analysis after three days. While transduction efficiency 

increased with extended lentivirus production periods, conventional transduction (infection) failed to 

transduce more than 50 % of the treated HL60 cells (Figure I-1 A, B). To amplify transduction efficiency, 

alternative methods were explored to increase the chance of cell-particle fusion. Hexadimethrine 

bromide has been described to neutralize the charge repulsion between lentiviral particles and sialic 

acid on the cell surface and thereby improve virus fusion with engaged cells (Davis et al., 2002; Davis 

et al., 2004). To favor initial virus-cell contact the transduction was coupled to prolonged 

centrifugation (spinfection). Remarkably, while both methods in isolation could only marginally 

improve HL60 transduction efficiency, a combination of both vastly amplified the number of 

transduced cells as well as the GFP fluorescence intensity per cell (Figure I-1 A, B). Furthermore, virus 

containing cell supernatants with a reduced production time were able to surpass the maximal 

efficiency achieved with the conventional transduction (infection) method emphasizing virus 

integration, rather than viral titer as the critical factor of efficient HL60 transduction. 
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Figure I-1: Spinfection and hexadimethrine bromide notably enhance transducability of HL60 cells. 
(A) Lentiviral particles containing a GFP encoding gene were produced in HEK293T cells. After one to three days, virion containing 
cell culture supernatant was harvested and applied to HL60 cells (1 mL per 1 x 106 cells). The efficiency of different transduction 
methods was assessed three days after virus application via flow cytometry analysis of GFP expression. “Infection” refers to virus 
application for 24 h followed by one day of culture in fresh cell culture medium. The “spinfection” method adds a single 
centrifugation step directly after virus application (1 h, 800 rpm). Both methods were conducted in the presence or absence of 
hexadimethrine bromide (8 µg/mL). (B) Quantification of lentiviral-mediated expression efficiency based on GFP mean fluorescence 
intensity (MFI) (upper) and estimation of transduction ratio (lower). 
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Recovery of HL60 CRISPR/Cas9 knockout cells can be optimized by puromycin selection 

and is unaffected by increased spinfection cell density 

The efficient and reliable delivery of lentiviral packaged RNA presents the foundation for any lentivirus-

based screening. Following integration into the host cell genome expression of the Cas9 enzyme and 

respective sgRNAs is expected to mediate gene knockout and gene product abrogation. To allow 

continuous observation and quantification of knockout efficiency in treated populations, an HL60 

reporter cell line, expressing the fluorescent protein Cerulean, was constructed. When transduced with 

lentiviral particles derived from library-analogous plasmids containing a sgRNA targeting the Cerulean 

gene, loss of fluorescence signal can be easily evaluated. As the library plasmids also transfer 

puromycin resistance to the recipient cells transduced cells can be enriched with antibiotic selection. 

Cerulean expression levels were evaluated six and eight days after transduction, corresponding to 

three and five days of antibiotic selection respectively (Figure I-2 A). Notably, in the absence of 

antibiotic selection, only a minor fraction of HL60 cells lost Cerulean expression following transduction 

(Figure I-2 B).  Already three days of puromycin selection are sufficient to give rise to a distinct 

population lacking Cerulean expression, which is absent from the untransduced control. These results 

proof the ability of the viral construct to induce gene disruption in HL60 cells. Prolonged antibiotic 

treatment, but not increased antibiotic concentration, was able to further enhance the percentage of 

Cerulean-negative cells compared to the unselected transduced control, which maintained its fraction 

size over time (Figure I-2 C). The observed discrepancies in loss of Cerulean expression and puromycin 

resistance might be indicative of the Cas9 activity. Acquisition of puromycin resistance is solely reliant 

on resistance gene expression, while loss of Cerulean expression also necessitates functional assembly 

of the Cas9-sgRNA complex. Nevertheless, this procedure demonstrates that antibiotic selection 

assisted creation of knockout cells shows a suitable efficiency and can be used in a library knockout 

approach.  

To increase the gene disrution percentage, the influence of the viral multiplicity of infection (MOI) 

during initial transduction was evaluated. (Figure I-2 D) Consistent with the previous observations, 

increased MOI did not affect the outcome of puromycin selection, yielding comparable knockout 

efficiencies under all conditions. Notably, Cerulean fluorescence increased in all transduced HL60 

Cerulean cells. This effect persists for at least six days before the Cerulean levels of the transduced 

non-knockout cells return to the level of the transduced control at day eight post-transduction 

(Figure I-2 B, D). This effect could arguably be attributed to transduction induced activation of the viral 

promotor driving Cerulean expression in the reporter cell line. Yet, a culture time of eight days after 

transduction seemed to be sufficient to eliminate a possible masking of the actual knockout efficiency. 
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Figure I-2: Puromycin selection, but not increased spinfection cell density, leads to increased recovery of knockout-containing 
HL60 cells. 
(A) Experimental workflow: HL60 cells recombinantly expressing the Cerulean fluorescent protein were infected with lentiviral 
particles derived from a CRISPR-Cas9 library-related vector, encoding the Cas9 enzyme and a sgRNA targeting the recombinant 
Cerulean gene. Three days post-transduction, selection for transduced cells was conducted by application of selective media. 
Puromycin concentrations ranged from 0 to 1.5 µg/mL. Knockout efficiency was evaluated six and eight days after transduction. 
(B) Flow cytometry analysis of Cerulean knockout efficiency in HL60 Cerulean cells. (C) Quantification of the effect on knockout 
efficiency by selection duration and antibiotic concentration. (D) Flow cytometry analysis of Cerulean knockout efficiency in 
HL60 Cerulean cells under application of increasing relative amounts of lentiviral particles (1x-5x) 
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HL60 cells can mediate CEACAM3-dependent phagocytosis of Neisseria gonorrhoeae  

Neutrophils express multiple CEACAM family members (CEACAM1, CEACAM3, CEACAM6) known to be 

engaged by adhesins of pathogenic bacteria. Hence, assay conditions enabling reliable differentiation 

between phagocytosis processes mediated by specific CEACAM species are critical. Due to the innate 

immune receptor nature of CEACAM3, pathogen adhesins are argued to be under selection to avoid 

the adverse effects of CEACAM3 binding while retaining the more beneficial interactions with 

CEACAM1, 6 or CEA. The lack of a known CEACAM3-exclusive bacterial adhesin necessitates a more 

complex approach to evaluate CEACAM3-specific phagocytosis. The genome of Neisseria gonorrhoeae 

harbors an extensive arsenal of CEACAM binding Opa-proteins with varying CEACAM specificities. 

Opa52 expressing Neisseria gonorrhoeae bind to CEACAM1 and CEACAM3 on human neutrophils, while 

Opa54 only binds to CEACAM1 and the epithelia restricted CEACAM family member CEA. Infection of 

HL60 cells with fluorescent stained bacteria allows quantification of bacterial internalization after 

quenching of signals derived from extracellular bound bacteria. Remarkably, Neisseria gonorrhoeae 

expressing Opa52 where rapidly internalized by HL60 cells while neither gonococci expressing Opa54 

nor strains lacking Opa expression exhibited notable internalization (Figure I-3 A). Gonococcal adhesin 

expression and identity were assured by Western Blot analysis (Figure I-3 B). These results not only 

verify HL60 cells as a suitable model to investigate CEACAM-mediated phagocytotic processes, but also 

show that CEACAM1 is not triggering internalization in the timespan necessary for CEACAM3-mediated 

phagocytosis.  
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Figure I-3: HL60 cells can mediate CEACAM3-dependent phagocytosis of Neisseria gonorrhoeae. 
(A) Flow cytometry analysis of bacterial internalization in HL60 cells. The surface of Neisseria gonorrhoeae, expressing 
either Opa52, Opa54 or no Opa adhesin (Opa-), was labeled with CFSE. These were used to infect HL60 cells at a multiplicity 
of infection (MOI) of 10 for the indicated interval (15-60 min) at 37 °C under gentle rotation. HL60 cells were separated 
from residual unbound bacteria by gentle centrifugation (300 rpm, 3 min) and resuspended in FACS assay buffer. Trypan 
blue was added to a final concentration of 0.2 % to quench the fluorescence signal of, surface-associated gonococci. 
Histograms show the CFSE-fluorescence intensity distribution. Non-filled histogram overlays represent the condition-
matched opa-adhesin-lacking control. Bar graphs indicate the ratio of HL60 cells surpassing CFSE-signal of uninfected cells. 
(B) Adhesin expression and identity were assured via immunoblotting analysis utilizing an α-pan-Opa antibody. 
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Overexpression of CEACAM3 in HL60 cells amplifies their phagocytic efficiency and 

capacity 

While the swiftness of CEACAM3-mediated phagocytosis in HL60 cells mirrors the rapid uptake in 

isolated primary neutrophils, the fluorescence signal intensity observed for infected HL60 cells falls 

short. Low fluorescence intensity under baseline infection conditions negatively affects the screen 

sensitivity as it permits only poor resolution of knockout cells displaying reduced internalization. To 

enhance CEACAM3-mediated internalization efficiency and assay sensitivity, a CEACAM3-mKate fusion 

protein was introduced into the HL60 cells. Expression of recombinant CEACAM3 was verified by FACS 

analysis of mKate-fluorescence and via Western Blot analysis (Figure I-4 A, B). Scanning electron 

micrographs indicate an altered surface architecture upon infection. Both, uninfected wildtype and 

HL60 CEACAM3 cells are characterized by smooth membranes. This is consistent in samples infected 

with Neisseria gonorrhoeae that are lacking CEACAM3 engaging adhesins (Opa-, Opa54). As described 

for primary granulocytes, infection with Opa52 expressing Neisseria gonorrhoeae leads to the formation 

of membrane ruffles and large lamellipodial protrusions in both HL60 cell lines. Remarkably, in 

CEACAM3 overexpressing cells, these protrusions are both larger and more distinct after 15 minutes 

of infection. After 30 minutes, wildtype cell membranes remain ruffled while CEACAM3 overexpressing 

cells have returned to display smooth surfaces. These results are in line with assumed surface receptor 

limitation in HL60 wildtype cells. Correspondingly, increased receptor expression leads to accelerated 

and more pronounced lamellipodia formation. Likewise, internalization of Opa52 harboring bacteria in 

CEACAM3 overexpressing cells is enhanced, leading to a more precise resolution of phagocytic-active 

cells (Figure I-4 D). Again, the number of HL60 wildtype cells surpassing the fluorescence of the Opa- 

control, only marginally increased with more extended incubation periods but improved with rising 

MOI (Figure I-4 E). In turn, overexpression of CEACAM3 vastly enhanced cell bacterial internalization. 

Within 15 minutes over 90% of all cells contained sufficient amounts of bacteria to be distinguished 

from the non-binding control infection. Strikingly, the amount of internalized bacteria, assessed by 

their respective fluorescence intensity, vastly surpassed the wildtype cells and could be further 

enhanced when infected with higher MOI (Figure I-4 E). In summary, our HL60-CEACAM3 cells 

represent an exceptional, genetically engineerable, myeloid cell line model allowing to monitor 

CEACAM3-mediated phagocytosis of Neisseria gonorrhoeae specifically.  
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Figure I-4: Overexpression of CEACAM3 in HL60 cells amplifies their phagocytic efficiency and capacity. 
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(A) Overexpression of CEACAM3-mKate2 in HL60 cells was assured via fluorescence measurement and compared to wildtype cells. 
(B) Parental HL60 cells (wildtype) or HL60 cells stably expressing CEACAM3-mKate2 fusion proteins were lysed, and CEACAMs 
were enriched via bacterial pull-down with PFA-fixed Opa52 expressing Neisseria gonorrhoeae. Expression verification is assured 
by immunoblotting with an α-mKate2 antibody. (C) Scanning electron micrographs show wildtype and CEACAM3 overexpressing 
HL60 cells infected with gonococci expression either Opa52, Opa54 or no Opa adhesin (Opa-). Cells were fixed after the indicated 
infection durations. All micrographs visualize the same section size represented by the 5 µm scale bar (lower right). (D) Flow 
cytometry analysis of bacterial internalization in HL60 wildtype and CEACAM3 overexpressing cells. CFSE-labeled Neisseria 
gonorrhoeae expressing Opa52 or no Opa adhesin (Opa-) were used to infect HL60 cells at the indicated MOI (10 or 30) for 15 or 
30 min at 37 °C under gentle rotation. HL60 cells were separated from residual unbound bacteria by gentle centrifugation (300 
rpm, 3 min) and resuspended in FACS assay buffer. Trypan blue was added to a final concentration of 0.2 % to quench the 
fluorescence signal of non-internalized, surface-associated gonococci. Histograms show the CFSE-fluorescence intensity 
distribution. Non-filled histograms represent the condition-matched Opa- control. (E) Quantification of the flow cytometry analysis 
showing the ratio of CFSE-positive cells (left) and the mean CFSE fluorescence intensity (right) of the respective samples.   

 

 

Figure I-5: CRISPR-screen experimental workflow 
Each lentiviral particle produced from the pooled CRISPR plasmid library contain a Cas9 encoding gene (red) and one of over 
60.000 unique sgRNAs (green). Pooled lentiviral particles are applied to HL60 CEACAM3 cells via hexadimethrine bromide assisted 
spinfection. Subsequently untransduced, puromycin sensitive, cells are purged via antibiotic selection. Surviving cells are 
employed in a bacterial internalization assay in which fluorescence signal intensity correlates with the amount of phagocytized 
bacteria. Using fluorescence-activated cell sorting cells are fractionized. Approx. 20% of the screened cells are pooled into the 
“Low” or “High” fraction respectively. Genomic DNA is isolated from the fraction and an Input replicate. The sgRNA containing 
locus of these cells is amplified via PCR. Subsequently the abundance of individual sgRNAs is estimated for each fraction and 
compared with the Input sample. 
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CRISPR-screening for regulators involved in CEACAM3-mediated phagocytosis 

Following the described stepwise optimization of all assay processes, the human GeCKO.v2A plasmid 

library was used to produce lentiviral particles, each containing one sgRNA, the Cas9-gene and a 

puromycin resistance cassette. Transduction of HL60-CEACAM3 cells was enhanced by prolonged 

centrifugation and hexadimethrine bromide incubation. Untransduced cells were purged via 

puromycin selection before resistant cells underwent Infection with fluorescently-labeled Opa52-

expressing Neisseria gonorrhoeae. Due to the rapid and efficient phagocytosis of HL60 CEACAM3 cells, 

low MOI (10) and infection times (15 min) were chosen to allow for positive and negative deviations. 

Cells where sorted based on their internalization-derived fluorescence using flow cytometry. Those 

exhibiting the highest or lowest fluorescence were collected (approx. 20% of total cells each) 

(Figure I-5). To validate the assay conditions during the FACS analysis, untransduced HL60 wildtype and 

CEACAM3 overexpressing cells were infected parallel to the CRISPR-screen Input-sample. Again, while 

both cell lines were able to mediate Opa52-dependent phagocytosis, CEACAM3 overexpression greatly 

enhanced the efficiency (Figure I-6 A, B). Expectedly, transduced and selected HL60 CEACAM3 cells 

displayed a slightly altered internalization pattern (Figure I-6 B). Reanalysis of the recovered fractions 

unveils the anticipated shift compared to the Input measurement assuring the aspired phenotypic 

characterization. (Figure I-6 C) Genomic DNA was isolated from these and the Input-control cells. PCR 

amplificons of a 184 bp genomic DNA region containing the integrated 20 nucleotides long sgRNA was 

sequenced via Next-Generation-Illumina-Sequencing to allow determination of sgRNA read abundance 

alterations in “High” and “Low” internalization samples compared with the Input-control. Raw 

sequencing data are composed of two sets of 150 bp unpaired sequence reads, both of which include 

the complete sgRNA sequence (Figure I-7 A). Each set contains either the sense or anti-sense sequence 

of each sequenced amplicon. Sequence data quality can be maximized by paring of corresponding 

sense and anti-sense reads under consideration of the respective nucleotide-position quality score. 

This procedure also reconstructs the full 184 bp primary amplicon sequence (Figure I-7 B). To avoid 

data duplication sense reads were identified based on their characteristic starting sequence and 

compiled for further analysis (Figure I-7 C). In all GeCKO CRISPR-library constructs contain a universal 

identifier region flanking the unique 20 nucleotide sgRNA sequences. The six-nucleotide universal 

identifier downstream of the sgRNA was utilized to locate and extract the previous 20 nucleotides from 

the sense strand (Figure I-7 D). Abundancy of each unique sgRNA was determined. As the GeCKO 

library targets each gene with three sgRNAs respective abundance of all three can be mapped onto a 

library reference inferred gene list. This triplicate approach allows statistical comparison of the High-

Internalization and Low-Internalization samples with the sgRNA abundancies observed in the Input 
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control. Statistical significant (p < 0.05) enrichment or reductions (at least 2 / 0.5 fold, respectively) 

underwent closer scrutiny (Figure I-7 E). 

 

Figure I-6: Infected HL60 CEACAM3 cells can be separated in “Low“ and “High“ internalization fractions. 
A, B) HL60 wildtype cells (A) or CEACAM3 overexpressing cells (B) were infected with Opa52 expressing (filled) or Opa- 
(non-filled) Neisseria gonorrhoeae. The CRISPR-screen sample, generated according to Figure I-5, is depicted in blue. Mean 
CFSE fluorescence intensity of the respective samples is depicted as bar graphs (right). (C) Post-fractionation analysis of 
the “Low” (red) and “High” (purple) fraction compared to the input control (blue). Mean CFSE fluorescence intensity of 
the respective samples is depicted as bar graphs (right). 
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Figure I-7: Data processing workflow for the identification of regulators involved in CEACAM3-mediated phagocytosis. 
(A) Raw Illumina next-generation sequencing data comprise of two sorted fastq-files per sample. Each sequence (150 bp) in one file 
possesses a unique identifier that allows matching with the corresponding reverse-complement sequence in the other file. Sense 
sequences are depicted in green; antisense sequences are depicted in red. (B) Sequences of both files are matched based on their 
identical unique identifier. For each nucleotide position, the nucleotide with the higher sequencing quality annotation is chosen as 
the true value. As the complete amplicon length (184 bp) exceeds the individual sequence length, non-overlapping sequences are 
filled with the respective overhang. This is inconsequential for the downstream analysis as the sgRNA locus is covered by both reads. 
This operation is conducted twice, adding matching file A to B and reverse, resulting in two files (AB) and its reverse complement 
match (BA). (C) Based on their starting sequence, sense reads are selected from both lists and a combined sense-sequence list is  
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compiled. (D) In all sense sequences the unique sgRNA sequence ins followed by the universal identifier region (GTTTTA) 
which is unique upstream of the sgRNA sequence. To prevent inaccurate identification of the universal identifier region in 
constructs harboring the same sequence within the sgRNA sequence all sense strands are searched for the universal 
identifier region, starting from the sense 3’ direction. The 20 nucleotides preceding the universal identifier are extracted 
as the unique sgRNA. (E) The extracted unique sgRNAs are mapped to a CRISPR library reference, which matches three 
sgRNAs to each target gene. This replication on the gene-level permits statistical comparison between the High and Low 
fraction and the Input sample for all genes with at least one read per sgRNA. Fold change and p-value can be calculated 
and used to filter the resulting data accordingly. 

Identification of potential regulators of CEACAM3-mediated phagocytosis 

Over 74 % of all initial sequencing reads passed the automated quality control and analysis resulting in 

at least 12,3 million mapped sgRNAs per condition. As expected, knockout of most genes did not 

strongly affect CEACAM3-mediated phagocytic activity, resulting only in minor deviations from the 

Input control (Figure I-8 A, upper). Reliability for the target genes fold change was estimated, by 

statistical comparison of redundant sgRNA abundancies, and are depicted in volcano plots 

(Figure I-8 A, lower). The imposed significance and minimum-deviation filters on the “Low” and “High” 

fraction allowed hit refinement, resulting in 123 and 59 respective ranked hits with enriched sgRNA 

abundancies. Conversely, 177 (Low) and 170 (High) hits displayed significantly reduced sgRNA 

abundancies. A minor fraction of target genes appears in the same enrichment/reduction category for 

both samples. These hits should therefore be regarded with caution, as their emergence might be 

caused by assay conditions, rather than phagocytosis dependent factors (Supplementary Table I-1). 

Considerable and significant enrichment of sgRNAs in the “Low”-internalization sample are indicative 

of potential positive regulators of CEACAM3-mediated phagocytosis while enrichment in the “High”-

internalization sample is linked to potential negative regulators. 

Furthermore, sgRNA abundance reduction in the “High”-internalization fraction is to be expected for 

critical factors of CEACAM3-mediated phagocytosis (Figure I-8 B). Known process regulators, such as 

the C-terminal Src Kinase (CSK) and the Rac-GEF Vav could be identified in the expected categories, 

stressing the potential of this HL60 cell line-based CRISPR-screening approach. Besides Vav the dataset 

points to a substantial number of small GTPase regulators which could turn out to be novel regulators 

in the pathway of CEACAM3-mediated phagocytosis. Furthermore, several promising candidate genes 

associated with actin-cytoskeleton regulation, ubiquitination, lysosomal degradation, and oxidative 

burst generation were unveiled (Figure I-8 B). Their functional involvement should be addressed and 

validated in future investigations of phagocytosis. Together these results demonstrate the applicability 

CRISPR-Cas9 screening for investigations of the complex and dynamic process of phagocytosis in a 

myeloid cell line and the inherent challenges of the method.  
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Figure I-8: Identification of potential regulators of CEACAM3-mediated phagocytosis. 
(A) Quantification of sgRNA distribution and statistical comparison of target gene congruency. Depicted are the bioinformatic 
quantifications resulting from sgRNA mapping to target genes and subsequent statistical comparison between in Input sample and 
the “low” (left) or “High” (right) bacterial internalization fraction. The bar graphs (upper) depict the distribution of average fold-
change of sgRNAs targeting the same gene between the indicated sample and the input control. The vertical blue lines indicate a 
fold change of 0.5 (left) or 2 (right). Volcano blots also indicate the significance value of the respective genes and thereby aid further 
data dissection. Data points with p-values below 0.05 are above the horizontal blue line. Data points in the shaded areas are strongly 
and significantly altered. Therefore, they are considered as potential regulators of CEACAM3-mediated phagocytosis. Hits are 
ranked by their average fold change for each shaded area. (B) A list of notable hits complied from the primary hit list referred to in 
(A) and Supplementary Table 1.  
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DISCUSSION 

Genome-wide CRISPR-screening methodology 

The advent of the CRISPR technology and the growing availability of genome-wide knockout libraries 

in public plasmid repositories together with decreasing cost and high-throughput of next-generation 

sequencing (NGS) technology are currently revolutionizing the field of genetic screens. In this study, 

we adapted an CRISPR screening approach to investigate the process of CEACAM3-mediated 

phagocytosis of pathogenic bacteria as observed in human neutrophils. As primary neutrophils cannot 

be sustained for the required assay duration, an established myeloid cell line was chosen to closely 

emulate the relevant cellular background. Human leukemia HL60 cells have previously been 

successfully used to investigate neutrophilic functions such as migration, chemotaxis and phagocytosis. 

(Kim et al., 2015; Hauert et al., 2002) Previous studies induced maturation of HL60 cells with all-trans 

retinoic acid (ATRA) transitioning them into a state resembling neutrophils. Reportedly, this increases 

expression of CEACAM1, CEACAM3, and CEACAM6 and induces cell cycle arrest (Ozeki and Shively, 

2008). While others previously described pre- and post-differentiation HL60 cells as phagocytic inert 

towards Neisseria gonorrhoeae, we observed rapid CEACAM3-dependent pathogen internalization 

under our assay conditions (Farrell and Rest, 1990). Overexpression of recombinant CEACAM3 resulted 

in a sensitive reporter cell line which poofs to possess a functional phagocytosis machinery. Therefore, 

we were able to forgo ATRA differentiation, which could have adversely affected the assay robustness, 

as it triggers cell senescence in treated cell populations.  

The ability of a GeCKO screen to pick up and distinguish promising gene candidates is based on three 

major factors: Filter strictness, knockout abundance and reagent redundancy (Shalem et al., 2014).  

Initially, investigations utilizing genome-wide CRISPR screens where directed at models with 

extraordinarily restrictive biological filters that ensured reliable identification of effective sgRNAs, such 

as the application of a CRISPR library to a non-metastatic mouse cancer cell line and the isolation of 

emerging metastases following host implantation (Chen et al., 2015). Strong filter processes drastically 

reduce the rate of false negative occurrences. Cancer invasiveness is an easily recognizable phenotype, 

as it conveniently leads to self-separation of “positive” cells in a mouse implant model. Clearly, such 

endeavors constitute the ideal application to showcase the potential of CRISPR-based screens. In 

comparison, a dynamic, gradual process such as phagocytosis is at a disadvantage. While quantification 

of bacterial internalization via flow cytometry is a well-established method that even permits 

automated fractionation, several factors negatively affect its robustness in a genomic screening 

context. Assessment of bacterial internalization is based on the external quenching for the distinction 
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of internalized and cell surface-associated fluorescent bacteria (Pils et al., 2006). Even in homogenous 

cell populations, the number of internalized bacteria per cell and their resulting fluorescence signal 

intensity is scattered in a broad distribution. Screen evaluation based on shifted fluorescence signals 

constitutes a rather permissive filter. Therefore, phenotypic effects require a high number of cells, for 

each knockout mutation, to permit reliable characterization. This complication is aggravated by cells 

possessing the sgRNA but lacking gene disruption as they register as phenotypically unaffected. To 

minimise the influence of this complication a reliable transduction and selection method is required to 

assure statistically relevant knockout abundance in all recovered fractions. 

To verify gene-product involvement in the investigated process, the GeCKO library contains multiple 

unique sgRNAs targeting the same gene. The redundancy permits statistical evaluation of the 

distribution of all sgRNAs targeting the same genetic element without repetition of the experiment 

and reduces the effect of off-target gene disruptions and background depletion of individual sgRNAs. 

To cope with assay scaling restrains we employed the GeCKO-sublibrary A, containing three sgRNAs 

per target gene. This had unintended ramifications in the subsequent NGS data analysis, as several 

unique sgRNAs could not be detected, which voided the statistical analysis of their targeted gene. 

These genetic elements had to be excluded from the final analysis, leading to a severe reduction of the 

assay scope. Therefore, we advise inclusion of 3 further sgRNAs for each targeted gene (contained in 

the GeCKO-sublibrary B) for prospective GeCKO-screen experiments in the future. Background 

depletion of single sgRNAs would no longer interfere with the statistical analysis, as the remaining 

sgRNAs, targeting the same gene, would be sufficient. 

Still, most sgRNAs were present in all fractions at varying abundance. In future assays, this shift in 

library representation could be harnessed by using the recovered sgRNA loci to construct a secondary 

CRISPR library rather than committing it to next-generation sequencing. Cyclic repetition of screening 

and generation of an ever increasingly refined library is expected to exclude process-unrelated hits 

(Han et al., 2018). However, this refinement would not exclude the occurrence of potential misleading 

hits, which are founded in the employed method of phenotypic evaluation. Dysregulation of gene 

products interfering with the fluorescence signal of internalized bacteria could undoubtedly influence 

the estimation of bacterial internalization independent of alterations to the phagocytic process. 

Internalized gonococci are localized in rapidly maturing phagosomes which are rich in proteins related 

to lysosomal degradation (e.g., LAMP-2) and bacterial inactivation via respiratory burst (NADPH-

oxidase complex) (McCaw et al., 2003; Booth et al., 2003). Notable, several such factors passed our 

analysis as potential negative regulators of phagocytosis, as their loss increased fluorescent signals. 
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These hits should be considered with caution as a reduction of fluorophore clearance might have 

caused their identification as influencial factors.  

Even though this first approach evidently missed a substantial number of targets due to the described 

challenges, several potential regulators of CEACAM3-mediated phagocytosis could be extracted from 

the primary hits and should be addressed in more focused investigations for validation. For such 

investigations, our CEACAM3 expressing myeloid cell line presents an excellent genetically-modifiable 

system with a cellular background superior to previously employed systems. 

Identified potential regulators of CEACAM3-mediated phagocytosis 

The clearance of bacterial infection by innate immune cells utilizing specialized phagocytic receptors 

is an ancient process (Janeway, 1992). The human genome harbors numerous gene families dedicated 

to the direct or indirect recognition of pathogen-derived signals many of which trigger signaling 

cascades often contributing to engagement and phagocytosis of the invading bacteria. The receptor-

specific complexity of signaling networks facilitating pathogen recognition, signal integration, and 

efficient phagocytosis are the subject of ongoing research. The recent surge in accessibility of genome-

wide knockout screens enabled by the CRISPR technology represents an exceptional opportunity to 

identify previously elusive factors contributing to these processes. In this study, we report the 

generation of a CEACAM3-expressing myeloid cell line which represents the foundation of our efforts 

to enable knockout screening in a cellular background related to human neutrophils. Using this 

specialized cell line, we identified several possible regulators of CEACAM3-mediated phagocytosis 

(Figure I-9). Following CEACM3 receptor engagement and clustering by bound bacteria, its HemITAM 

is phosphorylated by Src family kinases. All Src family kinases share the Src-homology domains, a 

tyrosine kinase domain and a carboxy-terminal regulatory tail (Brown and Cooper, 1996). Tyrosine 

phosphorylation of this regulatory tail by C-terminal Src kinase (CSK) completely suppresses Src-kinases 

activity (Cooper and Howell, 1993). Our analysis correctly identified this critical negative regulator of 

CEACAM3-mediated phagocytosis. Downstream of receptor phosphorylation, the activation of small 

GTPases of the Rho-family is known to represent a crucial link to WAVE complex activation and the 

formation of bacteria engulfing lamellipodial protrusions (Pils et al., 2012). This critical step of Rac 

activation is mediated by Vav which directly associates with the phosphorylated HemITAM of adhesin-

engaged CEACAM3 (Schmitter et al., 2007a). Correspondingly, our screen was able to pick up the VAV3 

gene as a critical positive regulator for CEACAM3-mediated phagocytosis. Together, the identification 

of CSK and Vav demonstrates the potential of this experimental approach to identify both, positive and 

negative process regulators. 
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 Next to Vav several other proteins involved in small GTPase signaling, which have previously not been 

associated with the CEACAM3-triggered pathway, appear to influence this phagocytic process 

positively. Dock3 has been described to facilitate GTP loading of Rac1, but not other Rho family  

GTPases (Namekata et al., 2004). While little is known about further Dock3-interacting proteins, its 

domain structure similarity to better characterized Dock family members suggest an additional 

adaptor protein function via its amino-terminal SH3 domain and several proline-rich repeats (Brugnera 

et al., 2002; Namekata et al., 2004). Further analysis, determining whether the Dock3 SH3 domain can 

directly target the cytoplasmic proline-rich sequences of CEACAM3 or those of other process-related 

factors would allow to place Dock3 in the signaling network. Similar to the knockout of RhoGEFs the 

loss of counteracting Rho-GTPase activating proteins (GAPs), such as encoded by ARHGAP23, can be 

assumed to result in dysregulation of the actin cytoskeleton (Katoh and Katoh, 2004). No functional 

analysis of this protein has yet been published but its pleckstrin homology (PH)-domain suggests 

recruitment to phosphatidylinositol 3,4,5-trisphosphate rich membrane areas as described for several 

 

Figure I-9: Known and potential regulators of CEACAM3 signaling. 
Model of CEACAM3 signal transduction triggered by interaction with bacterial particles. Known interactions (solid lines) and 
hypothetical, putative interactions (dashed lines) are placed to illustrate the assumed regulatory network. Proteins identified in this 
study as potential positive regulators (green) or negative regulators (orange) of CEACAM3-mediated phagocytosis are colored 
accordingly. Known or assumed process regulators (blue) are indicated to aid signaling process coherence.  
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other regulators of small GTPases (Fort and Blangy, 2017). Upon CEACAM3 engagement and 

phosphorylation, not only Vav but also phosphatidylinositol 3-kinase (PI3K) is recruited to the site of 

infection, locally altering the phosphoinositide composition and possibly leading to the localization of 

this Rho-GAP to the activated CEACAM3 receptor. The initial stages of lamellipodia formation and 

particle engulfment are governed by GTP-loaded Rho family GTPases such as Rac, which are mediating 

activation of actin filament growth and branching. The dynamic nature of this process could be assisted 

by the involvement of counteracting GAPs. A previous study, employing siRNA knockdown 

experiments, found that the requirements for particle phagocytosis by myeloid cells differs 

functionally based on the particle size. For larger particles, such as fungi, PI3K-dependent recruitment 

of GAPs to the phagocytic cups was essential to complete the internalization process by inactivation of 

Rac and Cdc42. For smaller, bacteria-sized, particles knockdown of the respective GAPs did not affect 

internalization (Schlam et al., 2015). Correspondingly, inhibitor studies unveiled that lack of PI3K 

activity did not interfere with CEACAM3-mediated bacteria internalization but still suppressed the 

generation of reactive oxygen species inside the formed phagosomes (Buntru et al., 2011). Both 

experimental approaches undoubtedly reduced PI3K activity and GAP localization, respectively, but 

residual expression and activity might be sufficient for the internalization of smaller particles. Our 

experimental design circumvents such restrains as CRISPR-mediated gene disruption leads to complete 

loss of protein expression. This could hint towards a role for GAPs in the phagocytosis of small particles, 

which could not be detected by the previously applied methodology.  

Rac activation is considered to be the fulcrum of CEACAM3-mediated phagocytosis. Our data suggest 

a similar role for Rho, as the GTP-Rho-specific effector protein rhotekin seems to be critically involved 

in the phagocytosis process (Raftopoulou and Hall, 2004; Ito et al., 2018; Thumkeo et al., 2013). While 

Rho is undoubtedly linked to actin cytoskeleton-dependent processes the physiological role of 

rhotekin, apart from suppressing GAP action on Rho, has only been assessed in neural cells, in which it 

is involved in axon outgrowth and neural synapse regulation (Yuasa et al., 2012; Ito et al., 2006; Reid 

et al., 1996). For now, the role of rhotekin in hematopoietic cells remains enigmatic. 

Presumably, the Rho family GTPase signaling cumulates in the reorganization of the actin cytoskeleton 

in response to receptor activation as already described for Rac (Pils et al., 2012). The CRISPR analysis 

also implicated several other regulators of actin polymerization. Knockout of the G-actin-binding 

profilin significantly reduced bacterial internalization. The physiological role of profilin is a matter of 

ongoing scientific debate. In neutrophils, profilin has been described to enhance actin nucleation by 

Arp2/3 complexes downstream of Rac (Yang et al., 2000). Other studies attribute an Arp2/3 inhibition 

to profilin, as reduced or increased expression of profilin led to reciprocal changes in Arp2/3 complex-
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mediated actin branching (Rotty et al., 2015). These seemingly opposing observations can be 

reconciled as profilin action seems to reduce Arp2/3 branching while increasing actin filament length 

(Blanchoin et al., 2000). Dysregulation of the phagocytic cup shape by increased branching and 

reduced lamellipodial extension could conceivably hamper bacterial internalization.  

Strikingly, also new putative negative regulators of CEACAM3-mediated phagocytosis could be 

identified in the context of Arp2/3 complex regulators. Localized activation of Rac1 via CEACAM3 

signaling recruits the WAVE complex to the site of bacterial engagement. This is orchestrated by a 

specialized GTP-Rac interaction domain found in the CYFIP subunit of the WAVE complex (Chen et al., 

2010). The identified FAM49B gene encodes a plasma membrane-anchored protein recently named 

CYRI (CYFIP-related Rac interactor) which competes with the WAVE complex for GTP-loaded Rac1 

utilizing a specialized domain that mimics the Rac1 interaction domain of CYFIP. FAM49B knockout 

cells showed broader and more sustained lamellipodia on conjunction with increased WAVE 

recruitment, affirming the central role of FAM49 as a negative feedback regulator of actin dynamics in 

Rac-stimulated phagocytosis (Fort et al., 2018). This study is in agreement with our observations that 

knockout of FAM49 significantly increased bacterial internalization.  

A contrary effect was observed for sgRNAs targeting the E3 ubiquitin ligase NEDD4, or its related 

interaction partner NEDD4-binding protein2-like 1 (N4BP2L1). While little is known of the function of  

N4BP2L1, NEDD4  has been characterized as a key enzyme that catalyzes ubiquitination and confers 

specificity to ubiquitination substrates (Passmore and Barford, 2004). Even though E3 ubiquitin ligases 

possess a broad substrate spectrum, their known targets might still grant insight into substantiated 

functional connections. Among other pathways, NEDD4 is involved in endocytosis of transmembrane 

receptors via clathrin-coated vesicles and subsequent proteasomal degradation (Marmor and Yarden, 

2004). Among these targets is the receptor-type protein tyrosine phosphatase C (PTPRC, CD45) which 

is an essential regulator of many ITAM-bearing receptor complexes, such as B- or T-cell receptors (Thiel 

et al., 2016; Altin and Sloan, 1997; Pao and Cambier, 1997). PTPRC interfaces with the ITAM signaling 

either by direct interaction with components of the receptor complex or by dephosphorylation of Src 

family kinases (Saunders and Johnson, 2010). Recently, PTPRC has been implicated to play a role in the 

regulation of phagocytic internalization of fungal particles by macrophages via the HemITAM-bearing 

β-glucan receptor Dectin-I. Similar to CEACAM3, particle-engaged Dectin-I organizes in receptor 

clusters forming a phagocytic cup. PTPRC is excluded from the center of these cups, which was 

essential for HemITAM phosphorylation and signal perturbation (Goodridge et al., 2011; Goodridge et 

al., 2012). The observed reduction in bacterial internalization after knockout of PTPRC recycling factors 

NEDD4 and its binding protein N4BP2L1 might be indicative of an involvement of receptor-type protein 
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phosphatases in CEACAM3-mediated phagocytosis similar to their role in Dectin-I signaling. In the light 

of these promising candidates, new intricacies of CEACAM3-mediated phagocytosis might soon be 

uncovered. 
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METHODS 

EXPERIMENTAL MODEL AND SUBJECT DETAILS  

Cell lines and cell culture 

Human embryonic kidney 293T cells (293T cells) were originally obtained from the German collection 

of microorganisms and cell cultures, DSMZ, Braunschweig, Germany (cell line number ACC-635). The 

cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% calf serum and 

used between passages 15 and 35. The cell line was not further authenticated. HL60 cells were 

originally obtained from the American Type Culture Collection, ATCC, Manassas, VA (cell line number 

CCL-240). The cells were maintained in RPMI 1640 supplemented with 10% fetal calf serum and used 

between passages 10 and 30. The cell line was not further authenticated.  

 

Bacterial strains and growth conditions 

Non-piliated N.gonorrhoeae MS11-B2.1 strains expressing Opa52 (strain N309), Opa54 (strain 311) or no 

Opa proteins (strain N302) were described previously (Makino et al., 1991). Bacteria were grown at 

37°C, 5% CO2 on GC-Agar (Gibco BRL, Praisley, UK) supplemented with GC-vitamin mix (1:100) and 

appropriate antibiotics. GC-vitamin mix is prepared by solubilizing 20 g glucose, 2 g glutamine, 5.2 g L-

cysteine, 20 mg cocarboxylase, 50 mg nicotinamide adenine dinucleotide (NAD), 4 mg Fe(NO3)3, 30 mg 

arginine, 0.6 mg vitamin B1, 2 mg vitamin B12, 2.6 mg p-aminobenzoic acid, 220 mg cystine, 200 mg 

adenine, 100 mg uracil, 6 mg guanine in 200 ml H2O, pH adjusted to pH 7 with HCl.  

 

METHOD DETAILS 

Recombinant DNA  

The lentiviral Cerulean expression vector (pLL3.7 Cerulean) was created by modification of the pLL3.7 

GFP vector (Addgene # 11795) by replacing the GFP encoding gene with the Cerulean-encoding 

sequence found in mCerulean C1 (Addgene # 27796). Both plasmids were digested with AgeI/BsrGI 

and the protein coding sequence were exchanged. The CRISPR library-analogous plasmid containing a 

Cerulean-targeting sgRNA was constructed from the empty vector pLentiCrisprv2 (addgene # 52961) 

by vector digestion with KpnI and ligation with annealed oligos encoding for the Cerulean targeting 

sgRNA (5’ ATAGGTACCGTGAGGGCCTATTTCCC 3’ and 5’ ATAGGTACCGTCTGCAGAATTGGCGC 3’).  
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Lentivirus production and generation of stable cell lines 

293T cells were transfected with 7 µg pMD2.G, 10 µg psPAX2 and 13 µg pLL3.7 or plentiCrisprv2 or 

pooled library plasmids by calcium-phosphate co-precipitation at ~20% confluence. Co-precipitation 

was performed by adding the indicated plasmid DNA to 500 µl H2O before adding 500 µl 2x HBS buffer 

(274 mM NaCl, 42 mM HEPES, 1.4 mM Na2HPO4, pH 7.05) and 50 µl 2.5 M CaCl2. After 24 h, 48 h or 72 

h the virus-containing supernatant was cleared by centrifugation and sterile filtered with a 0.45 µm 

syringe filter. Spinfection or conventional infection was performed on batches of 1 x 106 HL60 cells in 

1 ml culture medium by addition of 1 ml virus-containing supernatant. Depending on the experimental 

conditions, 8 µg/ml hexadimethrine bromide were added. Spinfection was carried out at 800 x g for 1 

h at RT. If applicable, the antibiotic selection was begun 3 days after transduction by addition of the 

indicated amount of antibiotics to the growth medium.  

 

Analysis of bacterial invasion by flow cytometry 

Before infection, bacteria were suspended in 1 ml PBS, 2 µg carboxyfluorescein-succinimidyl ester 

(CFSE) was added and bacteria were labeled for 20 min, at 37°C under constant shaking. The residual 

staining solution was removed by centrifugation (5000 rpm, 5 min) and the bacterial cells were three 

times washed with PBS. 1 x 106 HL60 cells were suspended in 1 ml sterile filtered phagocytosis buffer 

(PBS, 0.9 mM CaCl2, 0.5 mM MgCl2, 5 mM glucose, 1% heat-inactivated fetal calf serum) and infected 

with fluorescein-labeled bacteria for the indicated time at 37°C under gentle rotation. Infection was 

stopped by washing once with ice cold PBS. By the addition of trypan blue to a final concentration of 

0.2 mg/ml intracellular bacteria were selectively measured by quenching extracellular fluorescein 

signal (Pils et al., 2006). Raw data were processed with FlowJo. 

 

Immunoblotting and antibodies 

Western Blot was performed as described earlier (Hauck et al., 2001) using a monoclonal antibody 

against Opa proteins (4B12/C11) and polyclonal antibodies against mKate2 produced in the local animal 

facility at the University of Konstanz. All peroxidase and fluorescence-labeled secondary antibodies 

were purchased from Jackson ImmunoResearch (West Grove, PA). 
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CEACAM enrichment from cell lysates 

To enrich Opa52 binding CEACAMs from HL60 cell lysates, Neisseria gonorrhoeae expressing Opa52 were 

harvested from an agar plate and resuspended in a fixation solution (4% PFA in PBS) for 20 min. After 

three washing steps with PBS, 2.5 x 109 fixed bacteria were added to 1 ml HL60 cell lysate (~5 x 107 

cells) and rotated at 4°C for 1 h. Neisseria were collected by centrifugation at 5000 rpm for 5 min at 

4°C and washed twice with PBS. 

CRISPR screen 

Lentiviral particles were produced as described above using the Human GeCKOv2 CRISPR knockout 

pooled library (Sanjana et al., 2014). After 72 h lentivirus-containing cell culture supernatant was 

harvested and subsequently cleared by filtration (0.45 µm). Three 10 cm dishes of producer cells 

yielded approximately 13 mL filtrated supernatant. For lentiviral transduction HL60 cells expressing 

CEACAM3 were seeded into 12 wells of a 24 well plate (1 mL, 1 x 106 cells per mL each). Hexadimethrine 

bromide was added to each well (2 µL of a 1000x stock solution with 8 mg/mL in PBS). Two control 

wells received 1 mL filtered medium from untransfected HEK cells, while 1mL viral supernatant was 

added to the remaining ten wells. The final hexadimethrine bromide concentration was 8 µg/ml. 

Spinfection was carried out as described above. HL60 cells were cultured for 3 days at 37°C and 5% 

CO2. Inactivation of remaining viral particles was carried out by a twice-repeated trypsin-wash. For this, 

HL60 cells were harvested by centrifugation (800 rpm, 5 min, RT) and the cell pellet washed once with 

PBS before beeing resuspended in trypsin/EDTA solution for 2 min. Trypsin was inactivated by the 

addition of fresh serum-containing growth medium. Subsequent centrifugation permitted removal of 

residual trypsin. Trypsin washed cells infected with the GeCKO library were pooled in a cell culture 

flask while the transduced controls were transferred to individual dishes. Puromycin (at a final 

concentration 0.5 µg/mL) was added to the library-containing cells as well as one control. After 6 days 

of antibiotic selection, visual assessment revealed near complete loss of selected untransduced cells, 

while both transduced and unselected cells appeared unaffected. Input-cell control aliquots were 

frozen in liquid nitrogen (4 x 106 cells per aliquot). Neisseria gonorrhoeae expressing Opa52 were grown 

in liquid PPM medium for 3 h to an optical density of 0.8 at 550 nm. Bacteria were harvested via 

centrifugation (4400 rpm, 5 min) and fluorescent labeling was performed as described above. 

Transduced HL60 cells were recovered and resuspended in sterile filtered phagocytosis buffer (PBS, 

0.9 mM CaCl2, 0.5 mM MgCl2, 5 mM glucose, 1% heat-inactivated fetal calf serum) at a concentration 

of 1 x 106 cells/mL. 1.5 mL reaction tubes were filled with 1 mL cell suspension each before stained 

bacteria (MOI 10) were added. Infection was carried out for 15 min at 37 °C under gentle rotation. 

Infection was stopped by washing once with ice cold PBS containing trypan blue (0.2 mg/ml). 

Subsequent cell sorting was performed at the flow cytometry facility Konstanz (FlowKon). Gating was 
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performed to aim for a recovery window of approximately 20% of all cells each in the Low and High 

internalization fraction. 3.2 x 106 and 1.9 x 106 cells were collected for the “Low” and “High”, sample 

respectively and frozen in liquid nitrogen for later processing. Isolation of genomic DNA was performed 

using the Invitrogen Purelink Genomic DNA Mini Kit according to the manufacturer’s instructions. 

Amplification of the sgRNA locus was conducted via PCR using specific flanking primers (5’ 

CTTGAAAGTATTTCGATTTCTTGGC 3’ and 5’ CCTTTCAAGACCTAGCTAGCG 3’). PCR was performed in 

eight 50 µl reactions with 125 ng of template DNA for each gDNA pool. 30 amplification cycles were 

performed (10 sec - 98°C, 25 sec - 57°C, 7 sec - 72°C). All eight reactions of each sample were combined 

and pre-purified using the Genaxxon DNA Purification Mini Spin Column Kit according to the 

manufacturer’s instructions. The eluate was further purified via agarose gel electrophoresis and 

subsequent gel extraction using the Genaxxon Gelextraction DNA Purification Min Spin Column Kit 

according to the manufacturer’s instructions. Sample quality control and adapter ligation for next-

generation Illumina sequencing were performed by Eurofins genomics. Between 16.5 and 20.3 million 

read pairs were sequenced per sample.  

 

Bioinformatic analysis of NGS data 

Primary sequence reads were provided in fastq-format. Read pairing was performed using FLASH - 

“Fast Length Adjustment of SHort reads” (Magoc and Salzberg, 2011). Mapping of sgRNAs to target 

genes was performed using ENCoRE – “Easy NGS-to-Gene CRISPR Results” (Trumbach et al., 2017). For 

this, sense sequences were searched from the 3’ direction for the unique identifier region (5’ GTTTA 

3’) following the sgRNA sequence. The preceding 20 nucleotides (targeting sgRNAs) were extracted 

and automatically matched with the targets listed in the library reference file. Statistical evaluation 

was conducted using GraphPad Prism 5.  

 

Electron microscopy 

HL60 cells were seeded at 5 x 104 cells/well in 24-well plates on acid-washed glass coverslips and 

infected with 10 bacteria per cell. After the indicated time points cells were fixed with 2% 

glutaraldehyde and 3% formaldehyde in 0.1 M Na-cacodylate buffer for 30 min at 4 °C. The samples 

were dehydrated in a gradient series of ethanol, critical point dried and sputter coated with 8 mm gold-

palladium and examined at 5 kV accelerated voltage in a Zeiss-Auriga field emission scanning electron 

microscope.  
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Key resources table 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

 

  

HRP-conjugated goat anti-mouse Jackson ImmunoResearch AB_2307392 

Rabbit polyclonal anti-mKate2 University of Constance  

Mouse monoclonal anti-Opa 4B12/C11 (Hobbs et al., 1994) 4B12/C11 

   

Bacterial and Virus Strains   

Non-piliated N.gonorrhoeae MS11-B2.1 Opa52 (Makino et al., 1991) N309 

Non-piliated N.gonorrhoeae MS11-B2.1 Opa- (Makino et al., 1991) N302 

Non-piliated N.gonorrhoeae MS11-B2.1 Opa54 (Makino et al., 1991) N311 

   

Chemicals, Peptides, and Recombinant Proteins   

Trypan blue AppliChem Cat# A0668 

Carboxyfluorescein SE (CFSE) Molecular Probes Cat# C1157 

GC-Agar Becton Dickinson Cat# 228950 

Agar AppliChem Cat# A2113 

Hexadimethrine bromide Sigma-aldrich Cat# 107689 

DMEM Merck Cat# FG0435 

RPMI Merck Cat# FG1215 

Calf serum Biochrom Cat# S 0125 

Fetal calf serum Biochrom Cat# S 0115 

Puromycin dihydrochloride Calbiochem Cat# 540222 

FD-BshTI (AgeI) Thermo Scientific FD1464 

FD-Bsp1407I (BsrGI) Thermo Scientific FD0933 

FD-KpnI Thermo Scientific FD0524 

Invitrogen Purelink genomic DNA Mini Kit Thermo Scientific K182002 

DNA purification Mini Spin Column Kit Genaxxon S5358 

Gelextraction DNA purification Min Spin Column 

Kit 

Genaxxon S53374 

 

Experimental Models: Cell Lines 

  

HEK293T DSMZ RRID:CVCL_0063 

HL60 DSMZ RRID:CVCL_0002 
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HL60 CEACAM3-mKate2 (Adrian et al., 2019)  

   

Recombinant DNA   

pLL3.7 GFP addgene # 11795 addgene 

mCerulean C1 addgene # 27796 addgene 

pLL3.7 Cerulean This paper  

pLentiCRISPR v2 (Sanjana et al., 2014) # 52961 addgene 

pLentiCRISPR v2 sgCerulean This paper  

pMD2.G addgene # 12259 addgene 

psPAX2 addgene # 12260 addgene 

Human GeCKOv2 CRISPR knockout pooled 

library  

(Sanjana et al., 2014)  

   

Software and Algorithms   

ENCoRE (Trumbach et al., 2017) v.1 

FLASH (Magoc and Salzberg, 2011) 1.2.11 

Image Lab BioRad 5.2.1 build 11 

FlowJo  FlowJo LLC v10.0.7 

GraphPad Prism GraphPad Software v5.0.1 
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SUPPLEMENTARY INFORMATION 

SUPPLEMENTARY TABLE 1 

 



CHAPTER I - SUPPLEMENTARY INFORMATION 

 

63 
 

 



CHAPTER I - SUPPLEMENTARY INFORMATION 

 
64 

 

 

Supplementary Table I-1: GeCKO screen hits 
Primary screen hits identified as potential negative regulators (Reduced in Low / Enriched in High) or potential positive 
regulators (Reduced in High / Enriched in Low). Gene hits after statistical comparison of all three gene specific sgRNA 
abundances. genes with p-values <0.05 and fold reduction < 0.5 or fold enrichment >2 are ranked by their fold change. An 
asterisk marks gene names of sgRNAs similary enriched or reduced in both fractions. 
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ABSTRACT 

Innate immune cells, employ a diverse set of pathogen receptors to form the first line of defense 

against invading microbes. Tissue penetrating Neisseria gonorrhoeae are rapidly engaged by 

neutrophilic granulocytes which mediate phagocytosis, followed by pathogen elimination through 

NADPH oxidase-mediated oxidative burst and production of proinflammatory cytokines to amplify 

neutrophil recruitment and enforce clearance of the infection. These antimicrobial activities are 

mediated by CEACAM3, a specialized neutrophil receptor. Phosphorylation of its specialized hemi 

immunoreceptor tyrosine-based activation motif (HemITAM) by Src family kinase is the unifying 

element of its effector signaling pathways. In this study, we address the involvement of receptor-type 

tyrosine phosphatases in the tight regulation of CEACAM3 HemITAM phosphorylation. Using a CRISPR-

screening system in myeloid cells, we identify two phosphatases, PTPRC (CD45) and PTPRJ (CD148), 

which can influence CEACAM3-mediated phagocytosis by modulation of its phosphorylation state. 

Interestingly, expression of phosphatase variants lacking the large extracellular domains of these 

phosphatases can efficiently suppress CEACAM3-mediated phagocytosis.  While both phosphatases 

are able to target and dephosphorylate the HemITAM pY230, the known cardinal effector, PTPRC, but 

not PTPRJ, is also able to target pY241. We propose a phagocytic synapse-like molecular mechanism 

for the suppression of CEACAM3 signaling in the absence of CEACAM3-bound particles which still 

permits rapid CEACAM3 phosphorylation in response to pathogen engagement.
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INTRODUCTION 

Efficient initial colonization of host surfaces and subversion or evasion of immune defense mechanisms 

are hallmarks of well-adapted pathogens. To rise to these challenges many bacterial pathogens have 

evolved specialized strategies to establish and maintain host colonization. One exceptionally successful 

strategy of human pathogens is the expression of adhesins targeting epithelial members of the human 

carcinoembryonic antigen-related cell adhesion molecule (CEACAM) family. These Immunoglobulin 

(Ig) receptors are exposed on mucosal surfaces in the nasopharynx, the intestine, and the urogenital 

tract (Thompson et al., 1991; Beauchemin et al., 1999). Several gram-negative pathogens, such as 

Neisseria gonorrhoeae, Neisseria meningitidis, Haemophilus influenzae, Haemophilus aegyptius, 

Helicobacter pylori, and Moraxella catarrhalis each express one or more specialized adhesins targeting 

these mucosal membrane proteins to enhance their pathogenicity (Chen and Gotschlich, 1996; Virji et 

al., 1995; Hill and Virji, 2003; Tchoupa et al., 2015; Koniger et al., 2016). For some bacteria, such as 

Neisseria gonorrhoeae, the causative agent of gonorrhea, interaction with mucosal CEACAM family 

members does not only facilitate bacterial colonization by direct anchorage to the epithelium but also 

suppresses the exfoliation response of the host, which usually leads to shedding of the infected 

superficial epithelial cells and enhanced clearance of bacteria lacking CEACAM-binding adhesins 

(Muenzner et al., 2005; Muenzner et al., 2010; Muenzner et al., 2016). Engaged epithelial CEACAMs 

are also utilized by bound bacteria to breach the epithelial barrier and gain access to the subepithelial 

space (Wang et al., 1998). In the case of Neisseria gonorrhoeae interaction with human CEACAMs is 

mediated by several variants of Opacity-associated (Opa) surface protein family (Stern et al., 1986; 

Roth et al., 2013). Interestingly, the pathogenicity enhancing properties of Opa proteins in Neisseria 

gonorrhoeae is not only restricted to facilitating host colonization but have also been implicated to 

play a role in the suppression of adaptive immune responses via CEACAM1-mediated inhibitory 

signaling processes on dendritic cells and T lymphocytes (Kammerer et al., 2001; Yu et al., 2013; 

Boulton and Gray-Owen, 2002). Correspondingly, innate immune cells represent the main pathways 

of gonococcal infection clearance. Especially neutrophilic granulocytes, whose massive incursion into 

afflicted tissues represent the primary clinical manifestation of gonococcal infections, are uniquely 

equipped to fight off these bacteria (Wiesner and Thompson, 1980). Human neutrophils engage the 

bacterial CEACAM-binding adhesins with the neutrophil-specific transmembrane receptor CEACAM3. 

Its extracellular IgV-like domain closely resembles the amino-terminal domain of epithelial CEACAM 

family members, effectively acting as bait for invading CEACAM-binding microbes. This turns the 

colonization advantage gained by these microbes into their Achilles heel since interaction with 

CEACAM3 triggers rapid opsonin-independent pathogen phagocytosis and clearance via respiratory 
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burst (Schmitter et al., 2004; Sarantis and Gray-Owen, 2007). CEACAM3 engagement further enhances 

neutrophil recruitment and stimulation via NF-κB-dependent expression of proinflammatory 

cytokines, further amplifying the immune response.  

The central event in the individual signaling processes leading to these cellular responses is the 

phosphorylation of CEACAM3 tyrosine residues within its carboxy-terminal hemi immunoreceptor 

tyrosine-based activation motif (HemITAM) by Src family kinase. (Sarantis and Gray-Owen, 2007; 

Schmitter et al., 2007a; Schmitter et al., 2007b; Buntru et al., 2012; Pils et al., 2012). CEACAM3-

mediated phagocytosis is characterized by the formation of large F-actin containing lamellipodial 

protrusions, which are triggered by localized Rac-GTP loading. This is orchestrated by the Rac-guanine 

nucleotide exchange factor (GEF) Vav, which is recruited to dual phosphorylated canonical ITAM 

receptors in a Syk-dependent manner, but can directly bind to the phosphorylated tyrosine-230 (Y230) 

of the CEACAM3 HemITAM via its SH2 domain (Deckert et al., 1996; Rouard et al., 1999). Therefore, 

phosphorylation of the HemITAM Y230 is sufficient for the initiation of CEACAM3-mediated 

phagocytosis, while Y241 phosphorylation is dispensable as Syk localization to the forming phagosome 

is not required. (Schmitter et al., 2007a; Sarantis and Gray-Owen, 2007; Pils et al., 2012). In contrast, 

for several canonical ITAM receptors, like the FcγR receptor or T cell receptors, dual phosphorylation 

of the ITAM sequence is required for the recruitment of Syk-family kinases which initiate downstream 

signaling processes, either by phosphorylation or recruitment of adapter protein such as Nck1/2 or 

Gab2 (Flannagan et al., 2012). The direct association of Vav with CEACAM3 enables rapid and localized 

Rac GTP-loading. Following the same mechanism, a subset of usually Syk-recruited factors, like Nck1 

and Nck2, are also able to bypass Syk dependency by direct interaction with mono-phosphorylated 

CEACAM3 HemITAM. The absence of CEACAM3 activation-dependent lamellipodial protrusions in 

Nck1/Nck2-deficient cells when challenged with Opa expression gonococci clearly demonstrate the 

critical involvement of these factors (Pils et al., 2012). Nck proteins recruit the Nck-associated protein 

(Nap1) which, together with the Cytoplasmic FMR1-interacting protein (CYFIP) is part of the WAVE- 

regulatory complex (Chen et al., 2010). Direct interaction of CYFIP with GTP-loaded Rac activates the 

WAVE regulatory complex triggering the Arp2/3 complex to act as a nucleation core for extensive, 

localized branching of actin filaments (Koronakis et al., 2011). Following engulfment, the internalized 

bacteria are purged via the generation of reactive oxygen species by the NADPH oxidase complex and 

the release of primary and secondary granules. The oxidative burst response is also orchestrated by 

phosphorylated CEACAM3. In contrast to phagocytosis, Syk and phosphatidylinositol 3´-kinases (PI3K) 

are major contributors to these HemITAM effector functions. Accordingly, inhibition of PI3K can 

interfere with CEACAM3-triggered oxidative burst response but does not affect pathogen 

internalization (Sarantis and Gray-Owen, 2007; Buntru et al., 2011). The coordinated action of PI3K 
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and GTP-loaded Rac assemble the functional NADPH oxidase complex at the phagosomal membrane. 

As Syk kinase does not directly associate with CEACAM3, but does contribute to the oxidative burst 

response in a pY230-dependent manner, Syk is assumed to be recruited by factors downstream of 

CEACAM3. The molecular means of this recruitment continues to be elusive (Crowley et al., 1997; 

Deckert et al., 1996; Buntru et al., 2012; Sarantis and Gray-Owen, 2007). Syk, in conjunction with PKCδ, 

Tak1, Bcl-1, and CARD9, also directs activation of NF-κB-dependent cytokine production, which 

represents the third branch of CEACAM3-mediated effector functions. (Sintsova et al., 2014; Heinrich 

et al., 2016; Sintsova et al., 2017). 

Pathogen phagocytosis, oxidative burst, and production of proinflammatory cytokines hinge on 

HemITAM phosphorylation, which necessitates tight regulation of this process. Still, the molecular 

basis of this process is only partially solved. While receptor clustering and Src-family kinase activity are 

essential for CEACAM3 activation when pathogens are engaged, it remains unknown how unspecific 

CEACAM3 signaling is suppressed in the absence of bacteria. Recently, we performed a genome-wide 

CRISPR screen for regulators involved in CEACAM3-mediated phagocytosis (Chapter I). The findings 

implicated a suppressive role for members of receptor-type protein tyrosine phosphatases (PTPRs). In 

this study, we follow up on these results using a refined myeloid reporter cell line for CEACAM3-

mediated phagocytosis to assess the involvement of all human PTPRs. Indeed, the enzymatic activity 

of the neutrophil-expressed phosphatases PTPRC (CD45) and PTPRJ (CD148) are able to suppress 

CEACAM3 HemITAM phosphorylation. We reveal that both phosphatases can interact with and act on 

phosphorylated CEACAM3 Y230, while PTPRC is also able to bind to phosphorylated Y241. Together 

these results implicate receptor-type tyrosine phosphatases as the missing key component entrusted 

with CEACAM3 suppression in the absence of CEACAM3 clustering by microbes.  
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RESULTS 

CRISPR screen of human PTPRs reveals several potential regulators of CEACAM3-

mediated phagocytosis 

Recently, we conducted a genome-wide CRISPR-screen for regulators of CEACAM3-mediated 

phagocytosis (Chapter I). Among other findings, we revealed the potential positive phagocytosis 

regulator NEDD4, an E3 ubiquitin ligase known to mediate the degradation of PTPRC. This receptor-

type protein tyrosine phosphatase regulates the phosphorylation state of many ITAM-bearing receptor 

complexes, such as the B- or T-cell receptor (Thiel et al., 2016; Altin and Sloan, 1997; Pao and Cambier, 

1997). These findings prompted us to investigate the role of PTPRC and other receptor-type tyrosine 

phosphatases in the context of CEACAM3-mediated signaling and phagocytosis. To efficiently assess 

the potential involvement of all twenty human PTPRs we designed and improved a myeloid reporter 

cell line-based CRISPR-screen for CEACAM3-mediated phagocytosis (Figure II-1). The previously 

established system of myeloid HL60 cells expressing fluorescently labeled CEACAM3 was further 

refined by the expression of the cytoplasmic fluorescent protein Cerulean. Two CRISPR components 

are required to mediate a gene knockout in these cells: a target-determining specific single guide RNA 

(sgRNA) and the endonuclease Cas9. Lentiviral particles were produced containing either a sgRNA 

targeting specific PTPRs (sgPTPRx) together with the Cas9 gene or a sgRNA targeting the introduced 

Cerulean gene without the inclusion of the Cas9 gene. Lack of the Cas9 gene renders the sgCerulean 

viral particles unable to independently introduce a Cerulean gene knockout while the Cas9 gene 

containing sgPTPRx particle are sufficient to disrupt their respective target gene. Combined application 

of sgCerulean viral particles together with one species of sgPTPRx-Cas9 viral particles is expected to 

abrogate Cerulean expression in cells transduced with both virus species (Figure II-1). This system 

allows clear identification of a non-fluorescent cell population reliably transduced with the PTPR-

targeting sgRNA (Figure II-2 A). Specificity for CEACAM3-mediated phagocytosis was assured by 

comparison of internalization efficiencies of Neisseria gonorrhoeae expressing adhesins with different 

CEACAM recognition spectra (Figure II-2 B). Gonococci lacking Opa protein expression (Opa-) do not 

bind to CEACAM proteins. Opa52 is known to mediate binding to CEACAM3 and CEACAM1 while Opa54 

exclusively mediates binding to CEACAM1. No phagocytosis could be observed for the exclusively 

CEACAM1 binding Opa54 expressing, while Opa52 expressing Neisseria were rapidly internalized. 

(Figure II-2 B). This demonstrates the assay specificity for CEACAM3-mediated phagocytosis. 

Expression of CEACAM3-mKate in the reporter cell line, as well as adhesin expression of the individual 

gonococcal strains, was assured by immunoblotting analysis (Figure II-2 C, D).  
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A corresponding phagocytosis analysis conducted on transduced cell populations lacking Cerulean 

expression revealed pronounced differences between the individual by targeted phosphatases 

(Figure II-2 E). Interestingly, while increased phagocytic efficiency was observed for several PTPR 

knockout populations, statistical analysis revealed no significant change of phagocytosis efficiency in 

cells transduced with sgRNA constructs targeting PTPRC (Figure II-2 F). Significantly enhanced 

phagocytosis could be observed for PTPRF, PTPRG, PTPRJ, and PTPRS. Due to the restriction of 

CEACAM3 expression to neutrophils, we consider effects observed for phosphatases also present on 

these cells (colorized in blue), such as PTPRJ and PTPRS, to possess high potential for a physiological 

relevant interaction. (Arimura and Yagi, 2010) 

 
Figure II-10: Improved system for the identification of transduced populations in CRISPR-knockout screens. 
Two species of lentiviral particles are produced, each containing a unique small guide RNA sequence targeting either a 
generic receptor-type protein tyrosine phosphatase (sgPTPRx, green) or a gene encoding the Cerulean fluorescent protein 
(sgCerulean, blue). The particles containing the small guide RNA specific for the screen target also contain the Cas9 gene. 
Both virus species are pooled and used to transduce the myeloid HL60 CEACAM3-mKate Cerulean cell line. Any cell 
transduced with viral particles containing the Cas9 gene can be subject to CRISPR-mediated genomic editing and also 
contain the phosphatase targeting small guide RNA. Cells co-transduced with particles containing the Cerulean-targeting 
small guide RNA will also form functional sgCerulean-Cas9 complexes, leading to loss of Cerulean expression and 
corresponding fluorescence. This system enables identification of cells containing the phosphatase targeting sgRNA and 
simultaneous analysis of their phagocytic potential in a FACS based bacterial internalization assay.  
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Figure II-2: Knockout of several receptor-type protein tyrosine phosphatases promotes phagocytosis of pathogenic 
bacteria in myeloid cells. 
Assessment of CEACAM3-dependent bacterial internalization in HL60 cells after application of lentiviral particles inducing 
specific PTPR knockouts. (A) Histograms show the Cerulean or mKate fluorescence intensity indicative for the expression 
of cytoplasmic Cerulean or CEACAM3-mKate, respectively. Untransduced reporter cells (HL60 CEACAM3-mKate Cerulean) 
demonstrate elevated Cerulean and mKate-fluorescence compared with wild type HL60 (HL60). A derived clonal cell line 
(HL60 CEACAM3-mKate Cerulean sgCerulean Cas9) lacks Cerulean expression and serves as an assay control. Cerulean- 
populations are gated in correspondence to data analysis performed in (B) and (E). (B) HL60 CEACAM3-mKate Cerulean 
sgCerulean Cas9 control cells were infected for 20 min with CFSE-labeled Neisseria gonorrhoeae expressing either Opa52 
(Ngo Opa52), Opa54 (Ngo Opa54) or no Opa-adhesin (Ngo Opa-). Internalized bacteria were quantified by quenching of 
extracellular fluorescence and flow cytometry analysis. Histograms show unquenched CFSE fluorescence derived from 
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Expression of PTPRC or PTPRJ phosphatase domains can suppress CEACAM3-mediated 

phagocytosis 

The significantly enhanced phagocytic ability of HL60 cells lacking PTPRJ or PTPRS expression suggests 

their involvement in a negative regulatory system for CEACAM3 activation. As several studies 

demonstrated the ability of PTPRJ to functionally compensate for a loss of PTPRC expression in other 

regulatory pathways, we considered the unaltered phagocytic efficiency observed in PTPRC knockout 

cells as insufficient to exclude PTPRC from further analysis (Zhu et al., 2008; Cordoba et al., 2013; 

Hermiston et al., 2009; Goodridge et al., 2011). The action of PTPRs in T-cell and B-cell signaling is 

argued to be heavily influenced by their large extracellular domains, which determine their membrane 

localization, by exclusion from membrane stretches in direct contact with particulate matter, or larger 

protein complexes (Cordoba et al., 2013; Goodridge et al., 2011; Zikherman et al., 2013). To investigate 

the inhibitory potential of these phosphatases on CEACAM3-mediated phagocytosis, several variants 

were constructed (Figure II-3). Phosphatases were either expressed as full-length receptors (full 

length), as cytoplasmic domains, anchored to the inner membrane leaflet by myristoylation (myr). 

Additional exchange of a catalytic aspartate residue with alanine (myr-D/A) was conducted, which is 

described to abolish the catalytic activity and convey stable substrate-binding properties to the 

phosphatase domain (Flint et al., 1997). To assess the inhibitory potential of the selected phosphatases 

in absence of any mechanical hindrance myristoylated PTPRs were expressed together with CEACAM3 

in 293T cells, which were then infected with Neisseria gonorrhoeae (Figure II-4 A). Remarkably, 

quantification of internalized bacteria revealed a strong reduction in CEACAM3-mediated phagocytosis 

in the presence of myr-PTPRC and myr-PTPRJ. In contrast expression of myr-PTPRS failed to affect the 

phagocytic efficiency (Figure II-4 B). Comparable expression levels of the respective phosphatases and 

CEACAM3 in all samples was assured by immunoblotting analysis (Figure II-4 C). Co-expression of 

CEACAM3 and phosphatase constructs did only slightly affect the amount of CEACAM3 on the cell 

surface, as controlled by staining of surface-CEACAM3 (Figure II-4 D). Bacterial expression of CEACAM-

binding adhesins was also controlled by immunoblotting analysis (Figure II-4 E). The apparent 

internalized bacteria. (C) Immunoblotting analysis of CEACAM3-mKate expression in HL60 reporter cells. Parental HL60 
cells (HL60) or HL60 CEACAM3mKate Cerulean cells were lysed, and expression CEACAM3-mKate was analyzed after 
bacterial pull-down by immunoblotting with α-mKate antibodies. (D) Immunoblotting analysis of Opa-adhesin expression 
in Neisseria strains used in (B) with α–pan Opa antibodies. (E) Excerpt of flow cytometry-based analysis of internalization 
of Opa52 expressing Neisseria gonorrhea by the Cerulean- population of HL60 CEACAM3-mKate2 Cerulean cells transduced 
with the indicated lentivirus species. Internalized bacteria were quantified by quenching of extracellular fluorescence and 
flow cytometry analysis. Histograms show unquenched CFSE fluorescence derived from internalized bacteria. (F) 
Quantification of the bacterial internalization assay described in (A) and (E). Data derive from three independent infection 
experiments and are normalized by the CFSE fluorescence of control cells infected with Neisseria gonorrhoeae expressing 
either Opa52 (+) or no Opa-adhesin (-). Bars represent ±SEM from three independent experiments. Statistical significant 
increases in bacterial internalization were determined via student’s t-test and indicated by asterisks. *p < 0.05; **p < 0.01. 
Blue bars indicate PTPRs previously described to be expressed in neutrophils. 
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reduction in recovered bacteria indicates that the membrane-anchored phosphatase domains of both, 

PTPRC and PTPRJ can interfere with CEACAM3-mediated bacterial internalization. 

 

Figure II-3: Overview of the used receptor-type tyrosine-protein phosphatase variants. 
The amino-terminal large extracellular domains of PTPRC, PTPRJ, and PTPRS are retained in their full-length constructs and 
consist of the indicated number of fibronectin type-III domains and IgC domains. These are connected to the intracellular 
phosphatase domains by a transmembrane α-helix. While PTPRJ possesses a single catalytically active membrane 
Phosphatase domain (blue), PTPRC and PTPRS also contain a membrane distal secondary catalytically inactive phosphatase 
domain (yellow). Further constructs lack extracellular and transmembrane domains and are membrane-associated via the 
introduction of amino-terminal myristoylation sequences (myr). Catalytically inactive ‘substrate-trapping’ variants of the 
membrane proximal phosphatase domain (red) were generated by replacing a catalytic aspartate-residue with alanine 
(myr-D/A). 
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Figure II-4: Expression of the intracellular domains of PTPRC or PTPRJ is able to suppress CEACAM3-mediated 
phagocytosis. 
(A) 293T cells were co-transfected to express CEACAM3 and myristoylated phosphatase variants of PTPRC, PTPRJ, and 
PTPRS. (B) Transfected cells were infected for 1 h at MOI 30 with Neisseria gonorrhoeae expressing Opa52 (+) or no Opa-

adhesin (-). The amount of internalized bacteria was subsequently evaluated by gentamicin protection assay. Bars 
represent ±SEM from four independent experiments performed in triplicate. n.s., not significant; *p < 0.05; **p < 0.01. 
The horizontal dashed line indicates the internalization level observed in the normalization control. (C) Equivalent 
CEACAM3 expression and expression of phosphatase was verified by Western Blotting of whole-cell lysates (WCL). 
Cerulean-fused phosphatases were detected with an α-Cerulean antibody (top) while CEACAM3-HA was detected using 
α-HA-tag antibodies (middle). Similar amounts of loaded lysates were controlled with α-tubulin-antibodies (bottom). (D) 
Comparable receptor surface expression on transfected 293T cells was verified by surface staining using a CEACAM-IgV-
domain specific antibody and analyzed by flow cytometry. Histograms depict Cy5 fluorescence intensity originating from 
the fluorescently labeled secondary antibody. Unspecific interaction of the secondary antibody was excluded by the use 
of an Ig-type matched primary control antibody (IgG-control). (E) Appropriate expression of Opa-adhesins in the used 
gonococcal strains was verified by Western Blotting of bacterial lysates. Opa proteins were visualized by α-pan-Opa 
antibodies. 
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The large extracellular domains of PTPRC and PTPRJ limit phosphatase domain-mediated 

suppression of HemITAM phosphorylation and phagocytosis 

The antimicrobial actions directed against CEACAM3-binding bacteria require efficient pathogen 

internalization into neutrophils. As expression of membrane-anchored phosphatase domains of PTPRC 

and PTPRJ can efficiently suppress the CEACAM3-mediated phagocytosis, this mechanism has to be 

limited in neutrophils to prevent interference with the receptors physiological function. Full-length or 

myristoylated PTPRs were expressed together with CEACAM3 to assess if the extent of phagocytosis 

suppression is influenced by the extracellular domains of PTPRC and PTPRJ (Figure II-5 A). Indeed, the 

number of internalized bacteria remained largely unaffected in the presence of full-length 

phosphatases, while expression of phosphatases lacking the extracellular domains significantly 

reduced the phagocytic potential, in concordance with previous experiments (Figure II-5 B). Receptor 

and phosphatase expression levels were assured by immunoblotting analysis (Figure II-5 C). The 

observed phagocytic discrepancy between samples expressing full length or truncated phosphatases 

indicates regulation of PTPRC and PTPRJ action on CEACAM3 signaling through their respective 

extracellular domains. Still, the molecular basis of PTPRC and PTPRJ-based interference with this 

process remains unclear. The central event of CEACAM3 signaling pathways is the rapid 

phosphorylation of its cytoplasmic HemITAM sequence after recognition of binding bacteria. Western 

Blot analysis of CEACAM3 phosphorylation states after infection with Neisseria gonorrhoeae reveals a 

low basal CEACAM3 phosphorylation even in the absence of CEACAM binding adhesins on the 

pathogen surface (Figure II-5 D). The phosphorylation is strongly enhanced in the presence of the 

CEACAM-binding adhesin. Remarkably, combined expression with full-length PTPRJ delayed the rise of 

CEACAM3 phosphorylation but did not reduce its maximal extend after prolonged infection. 

Conversely, expression of the truncated phosphatase-variant completely abolished CEACAM3 

phosphorylation even after longer infection periods (Figure II-5 D). While comparable amounts of 

CEACAM3-GFP could be recovered by immune precipitation, a secondary α–GFP antibody reactive 

band is visible in the PTPRJ-CT containing sample. This band corresponds to the size of the utilized 

PTPRJ-CT tagged with the cerulean fluorescent protein, which is also recognized by α-GFP antibodies. 

Collectively, these observations demonstrate the ability of PTPRJ to suppress CEACAM3 signaling by 

reduction of HemITAM phosphorylation. Apparently, the large extracellular domains of PTPRC and 

PTPRJ are critical for the release of receptor inhibition upon pathogen engagement. 
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Figure II-5: The large extracellular domains of PTPRC and PTPRJ limit phosphatase domain-mediated suppression of 
HemITAM phosphorylation and phagocytosis. 
(A) 293T cells were co-transfected to express CEACAM3 together with either myristoylated or full length phosphatase 
variants of PTPRC and PTPRJ. (B) Transfected cells were infected for 1 h at MOI 30 with Neisseria gonorrhoeae-expressing 
Opa52 (+) or no Opa-adhesin (-). The amount of internalized bacteria was subsequently evaluated by gentamicin protection 
assay. Bars represent ±SEM from three independent experiments performed in triplicate. n.s., not significant; *p < 0.05. 
The horizontal dashed line indicates the internalization level observed in the normalization control. (C) Equivalent 
CEACAM3 expression and expression of phosphatases was verified by Western Blotting of whole-cell lysates (WCL). 
Cerulean-fused phosphatases were detected with a α-Cerulean antibody (top) while CEACAM3-HA was detected using α-
HA-tag antibodies (middle). Comparable amounts of loaded lysates were controlled with α-tubulin antibodies (bottom). 
(D) 293T cells transfected to co-express CEACAM3-GFP together with Cerulean-tagged full-length (FL) or myristioilated 
(CT) PTPRJ variants. Transfected cells were infected for the indicated duration at MOI 30 with Neisseria gonorrhoeae 
expressing Opa52 (+) or no Opa adhesin (-). Infection periods were terminated by cell lysis in the presence of phosphatase 
inhibitors to retain remaining CEACAM3 phosphorylation. CEACAM3-GFP was enriched from whole cell lysates and by 
immune precipitation using a specific GFP-interacting protein. Receptor phosphorylation was subsequently evaluated by 
Western Blot analysis using α-phospho-tyrosine specific antibodies (top) and receptor precipitation was assessed using α-
GFP antibodies (bottom). 
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PTPRC and PTPRJ directly dephosphorylate the critical HemITAM signaling-residue pY230  

Various immune signaling pathways in cells of the hematopoietic lineage, such as T-cell receptor (TCR) 

or B-cell receptor signaling are known to be modulated by the action of receptor-type phosphatases. 

Especially PTPRC plays an essential role in TCR signal modulation, as it directly targets the 

phosphorylated ITAM sequences on TCR ζ-chains as well as Src family kinases upstream of the receptor 

activation (Hermiston et al., 2009; Hermiston et al., 2003). Its role in CEACAM3 signaling in neutrophilic 

granulocytes might follow this mechanism. To investigate the ability of PTPRC and PTPRJ to directly 

catalyze the hydrolysis of phosphorylated HemITAM tyrosine residues of CEACAM3, a receptor variant 

harboring a phosphorylatable HemITAM tyrosine-residues as well as a variant lacking in such were 

expressed in 293T cells. (Figure II-6 A). Co-expression of these constructs with the constitutively active 

Src-family kinase v-Src leads to efficient phosphorylation of the receptor at the remaining tyrosine 

residue p241 (Y230F) or pY230 (Y241F) while no receptor phosphorylation could be observed if both 

HemITAM containing tyrosine residues were defunctionalized by phenylalanine substitution 

(Figure II-6 B). Purification of comparable receptor amounts was controlled by Western Blot analysis 

(Figure II-6 B). Myristoylated phosphatase domains of PTPRC, PTPRJ, and PTPRs were purified from in 

a similar fashion from lysates of transfected 293T cells (Figure II-6 C). V-Src treated CEACAM3 receptor 

variants were subsequently incubated with the individual phosphatase cytoplasmic domains to allow 

assessment of any directly mediated phospho-tyrosine hydrolysis. As shown before, both mono-

phosphorylatable CEACAM3 variants, Y241 and Y230, remain highly phosphorylated in the absence of 

phosphatase domains, while Y230/241F could not be phosphorylated (Figure II-6 D). Interestingly, 

incubation of CEACAM3 pY241 with cytoplasmic domains of neither phosphatase visibly altered the 

CEACAM3 phosphorylation state. In contrast, phosphorylation of Y230, which is critical for CEACAM3 

mediated phagocytosis, seems to be slightly reduced after incubation with the cytoplasmic domains of 

PTPRC or PTPRJ, but not PTPRS. These results are in line with the ability of myr-PTPRC and myr-PTPRJ 

to inhibit CEACAM3-mediated phagocytosis, while myr-PTPRS lacks this capacity. The ability of PTPRC 

and PTPRJ to directly dephosphorylate the CEACAM3 tyrosine residue further demonstrates the 

regulatory capacity fulfilled by these phosphatases for critical downstream processes, such as 

phagocytosis, oxidative burst initiation and cytokine production.  
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Figure II-6: PTPRC and PTPRJ directly dephosphorylate the critical HemITAM signaling residue pY230 
(A) 293T cells were transfected to express either myristoylated intracellular domains of PTPRC, PTPRJ, and PTPRS or 
with CEACAM3 variants. In contrast to wildtype CEACAM3, these variants possess at least one phenylalanine residue 
replacing a phosphorylatable HemITAM tyrosine (Y230 or Y241) and are thereby limited to phosphorylation of the 
remaining tyrosine residue (pY241 and pY230). (B) 293T cells were transfected to co-express mono or non-
phosphorylatable GFP-tagged CEACAM3 variants together or without v-Src. Receptors were enriched by 
immunoprecipitation directed against the fluorescent protein tag and receptor phosphorylation was assessed by 
Western Blot analysis using α-phosphotyrosine-specific antibodies (top). Receptor precipitation was verified using α-
GFP antibodies (bottom). (C) Myristoylated mCherry-tagged carboxy-terminal domains of PTPRC, PTPR, and PTPRS 
were expressed in 293T cells and enriched from cell lysates by immunoprecipitation directed against the fluorescent 
protein tag. Phosphatase recovery was verified by Western Blot analysis using α-mCherry specific antibodies. (D)  
Enriched phosphorylated CEACAM3-variants (B) were incubated with enriched phosphatases (C) for 30 min at 37°C. 
Remaining receptor phosphorylation was assessed by Western Blot analysis using α-phospho-tyrosine-specific 
antibodies (top). Equivalent CEACAM3 (middle) and phosphatase (bottom) amounts were verified using antibodies 
directed against their respective fluorescent protein tags. 
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Association of PTPRC and PTPRJ phosphatase domains with CEACAM3 is directed by 

HemITAM phosphorylation 

The catalytic domains of phosphatases can be guided to their molecular targets via distinct 

interactions. Commonly, secondary interaction domains are responsible for steering phosphatases 

into the proximity of their phosphorylated substrates. Likewise, phosphatase domains themselves can 

mediate substrate specificity and recruitment. The basis for such phosphatase domain-mediated 

recruitment events is the high affinity of the catalytic center to its phosphorylated substrate. The 

substrate-phosphatase complex is only formed transiently, as the catalytic phosphatase activity rapidly 

hydrolyzes the phosphoester and thereby unravels the molecular basis of the interaction, efficiently 

releasing the phosphatase domain from the target protein. A well-established approach to allow 

evaluation of these transient recruitment events is the introduction of specific mutations to the 

catalytic center of the respective phosphatase domain. Reportedly, exchange of the catalytic aspartate 

residue with alanine (D/A) sharply reduces catalytic activity, while interaction specificity is retained. 

This is expected to lead to prolonged localization on targeted phospho-tyrosine residues due to the 

lack of catalytic hydrolysis of the high-affinity substrate motif (Flint et al., 1997; Xie et al., 2002). Such 

substrate-trapping mutations in the catalytic center of the membrane-proximal phosphatase domains 

of PTPRC, PTPRJ, and PTPRS were introduced to evaluate their phosphorylation-dependent 

recruitment (Figure II-7 A). Immunoprecipitation of v-Src phosphorylated CEACAM3-GFP with GFP-

specific antibodies leads to co-purification of all three substrate-trapping phosphatases (Figure II-7 B). 

Equivalent CEACAM3 precipitation was assured by immunoblotting analysis using a GFP-specific 

antibody, while phosphatases were evaluated with antibodies targeting their mCherry-protein tag. 

Remarkably, PTPRC was co-precipitated with both pY241 and pY230 CEACAM3 variants, but could not 

be precipitated together with CEACAM3 lacking both phosphorylatable HemITAM tyrosine residues. In 

contrast, PTPRJ did exclusively precipitate strongly with pY230-containing CEACAM3 variants. PTPRS, 

which was previously unable to mediate CEACAM3 dephosphorylation associated with CEACAM3 

independently of the presence of phosphorylatable tyrosine residues. These results demonstrate that 

these phosphatases use individual mechanisms to facilitate their connection with the CEACAM3 

receptor. While the means and the reliability of PTPRS association with CEACAM3 remain unclear, the 

binding of PTPRC and PTPRJ is certainly dependent on CEACAM3 phosphorylation. The distinct binding 

pattern revealed for PTPRC, and PTPRJ could be indicative of specialized recruitment and phosphatase 

specific modulation of downstream signaling processes, either directly, or by dephosphorylation of 

further factors localizing to the site of pathogen engagement.  
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Figure II-7: Association of PTPRC and PTPRJ phosphatase domains with CEACAM3 is directed by HemITAM 
phosphorylation   
(A) 293T cells were transfected to express either myristoylated, mCherry-tagged, catalyticly inactive or substrate-trapping 
variants of PTPRC, PTPRJ, and PTPRS together with v-Src and CEACAM3 variants. (B) CEACAM3 receptors were enriched 
from cell lysates by immunoprecipitation directed against its fluorescent protein tag. (top and bottom) Equivalent 
CEACAM3 precipitation was verified by Western Blot analysis using α-GFP antibodies (top). Phosphatase expression was 
verified using α-mCherry antibodies after immunoprecipitation directed against mCherry (middle). Similarly, co-
purification of substrate-trapping phosphatases with CEACAM3-GFP after GFP-precipitation was assessed in the same 
manner (bottom).  
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DISCUSSION 

The improved CRISPR screening system for CEACAM3-mediated phagocytosis in myeloid 

cells  

Since the initial development of eukaryotic genomic editing, based on the prokaryotic CRISPR/Cas9 

immune system, the scientific community strives to unlock the full potential of this powerful 

instrument. Recent years saw a steady rise in methodical sophistication as well as specialized 

applications of this system to address a plethora of scientific subjects. In this study, we contribute to 

this effort with a modified cell line system for the assessment of CEACAM3-mediated phagocytosis in 

a myeloid background.  In contrast to our initially described system, a Cerulean fluorescent protein-

encoding cassette was introduced into CEACAM3-expressing HL60 cells. Combined application of a 

conventional CRISPR-lentivirus (containing sgRNA and Cas9 gene) together with a virus coding for a 

Cerulean-targeting sgRNA, but lacking the Cas9 gene, leads to loss of Cerulean expression in cells 

receiving and integrating both virus species. Notably, this system is designed to be also compatible 

with the most commonly employed CRISPR screening libraries with the only requirement that Cas9-

integration must be coupled to the introduction of the target sgRNA.  It allows for easy identification 

of cells transduced with the target construct, which can even be conducted simultaneously with the 

flow cytometry-based evaluation of phagocytic efficiency. When analyzing the effect of individual 

sgRNAs this system permits to circumvent the time and cost-intensive process of raising single cell 

clones and subsequent knockout verification, through the application of genomic sequencing or 

immunoblotting analysis. Naturally, these advantages come at a cost, as lack of clonal characterization 

introduces a factor of uncertainty to the observed knockout effects. This is founded especially in lack 

of verified in sgRNA effectiveness. Many factors are considered to contribute to Cas9 cleavage 

efficiency based on different individual sgRNA sequences and their resulting secondary structures (Wu 

et al., 2014). Prudence, and sgRNA redundancy, is advisable to avoid misinterpretation based on 

lacking sgRNA effectiveness in such accelerated functional assays. In the past, Cas9 cleavage 

efficiencies have been assessed empirically by in-vitro Cas9 cleavage assays to pre-screen for functional 

sgRNAs (Zhang et al., 2016). The massive amount of available in-vivo and in-vitro data from several 

CRISPR studies were recently used to train a deep convolutional neural network which was then able 

to predict sgRNA efficiencies with unprecedented accuracy (Xue et al., 2019). Therefore, complications 

resulting from lacking sgRNA effectiveness are expected to be of diminished relevance in the future 

due to refined sgRNA design. With that, the expected genetic and phenotypic heterogenicity of non-

clonal transduced populations remains as an adverse factor, which can impede result reliability. 
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Random genomic integration of the lentiviral sequences has the potential to affect the monitored 

process by unintended gene disruption of other involved factors. As the probability for this is rather 

low, the impact of such infrequent outliers on the assay result can be reduced by the evaluation of a 

large number of transduced cells. For this objective, the high-throughput nature of flow cytometry-

based phenotypic evaluations is exceptionally well suited. Another source of expected population 

heterogenicity originates from the cellular mechanism of CRISPR/Cas9-mediated knockout mutations. 

Briefly, double-strand breaks (DSB) introduced by the Cas9 enzyme at genomic sites, directed by the 

targeting sgRNA sequence, undergo repair by the cellular DNA repair mechanisms. The homology-

directed repair (HDR) machinery utilizes homologous regions on other alleles to mend the DSB in an 

error-free manner, which also restores the sgRNA complementary region and again permits targeting 

of the gene for cleavage by Cas9 (Iliakis et al., 2004; Lin et al., 2014). This cycle is disrupted by the non-

homologous end joining (NHEJ) pathway which is able to knit the cleaved ends by random insertion or 

deletion of nucleotides resulting in an altered gene sequence which is no longer recognized by the 

sgRNA. These random unique sequence alterations might result in frame shift mutations, which 

abrogate gene expression. If the mutations occur in-frame, the gene might still be able to express a 

functional product (Sander and Joung, 2014). The probability of retained functional gene products is 

increased by the allelic redundancy in diploids, and cells or organisms of higher ploidy as each allele 

undergoes these changes independently. In the absence of clonal characterization, this is expected to 

contribute to the underestimation of functional consequences resulting from phosphatase knockouts 

in the tetraploid HL60 cell (Gallagher et al., 1979). Therefore, minor changes in phagocytosis efficiency 

might be obfuscated by the aforementioned allelic heterogenicity of non-clonal populations. While 

these factors must be considered, the improved CRISPR screening system as described in this study 

permits the effortless exclusion of untransduced cells from the phagocytic analysis, which would 

otherwise not be possible. This convenient tool will be used to accelerate the exploration and 

validation of suspected contributors to CEACAM3-mediated phagocytosis. Further, the system can be 

adapted to monitor other processes in myeloid cells and can be combined with many available CRISPR 

sgRNA libraries for more encompassing screening approaches. 
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The CEACAM3 phagocytic synapse model 

All multicellular organisms engage in the continuous struggle against disease-causing microbial 

influences in their environment. While all organisms possess at least some constitutive or inducible 

defensive measures, organisms of higher complexity have evolved sophisticated and interwoven 

systems to protect themselves. Effective defense against colonization by pathogenic microbes is of the 

utmost importance for a species´ evolutionary success. Accordingly, innate immune systems include a 

broad array of preformed cellular, and humoral factors specialized in engaging invading microbes. 

These systems (e.g., complement, macrophages and neutrophilic granulocytes) are mainly kept in a 

primed quiescent state which allows for rapid mobilization when the anatomical barriers of the host 

are breached. Upkeep and use of these systems is not only linked to an extensive energetic 

commitment but can also cause impactful side effects accompanying the host’s struggle for recovery 

(Boots and Best, 2018; Blach-Olszewska and Leszek, 2007). These systems must be intricately balanced 

to avoid spontaneous self-activation but retain a high sensitivity to be efficiently activated during the 

critical onset of infection. Human leukocytes and lymphocytes possess a considerable spectrum of 

specialized immune receptors that process and integrate extrinsic and intrinsic signals. For several such 

receptors, extracellular stimuli lead to phosphorylation of their cytoplasmic ITAM, or structurally 

related HemITAM, sequences as found in the T-cell receptor, B-cell receptor, C-type lectin-like receptor 

(CLEC) or CEACAM3 receptor signaling (Abram and Lowell, 2007). Even though their respective stimuli 

differ considerably, a certain mechanistic resemblance in their regulation of ITAM phosphorylation is 

plausible due to similarities in their triggered downstream pathways. In this study, we reveal the ability 

of the transmembrane phosphatases PTPRC and PTPRJ to interfere with CEACAM3 signaling by 

dephosphorylation of its cytoplasmic HemITAM sequence. Both PTPRC and PTPRJ have been 

extensively researched in the context of TCR, BCR and CLEC signaling, which grants ample insights to 

infer a preliminary model for the role of PTPRC and PTPRJ in CEACAM3-mediated phagocytosis.  

Phosphorylation of ITAM-contained tyrosine residues is conducted by Src family kinases such as Hck 

and Lyn. Their activity is mainly controlled by the phosphorylation state of a regulatory carboxy-

terminal tyrosine residue. When this residue is phosphorylated by the C-terminal-Src-kinase (CSK), it is 

engaged by the Src-SH2-domain leading to an autoinhibitory fold of the kinase domain (Boggon and 

Eck, 2004). During TCR signaling release of this autoinhibition is required to trigger Src-mediated 

phosphorylation of the canonical ITAM sequence contained in the TCR-ζ chain. This is orchestrated by 

the action of PTPRC and PTPRJ (Furukawa et al., 1994; Stepanek et al., 2011). Remarkably, PTPRC and 

PTPRJ act as double-edged swords in this process, as they are also able to suppress signaling 

downstream of TCR-ζ by direct dephosphorylation of the TCR-ζ ITAM sequence. Studies suggest that 

the contribution of these phosphatases to TCR activation or inactivation is regulated by their 
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distribution on the cell surface rather than by regulation of their activity. Both transmembrane 

phosphatases possess large ectodomains which are argued to enable their passive, size-based 

segregation from ligand-bound TCR and thereby trigger the subsequent loss of TCR-ITAM signaling 

suppression (Cordoba et al., 2013). 

A similar regulatory mechanism has been proposed for the recognition and phagocytosis of yeast by 

the macrophage CLEC receptor Dectin-I. Recognition of β-glucan in the fungal cell wall by Dectin-I 

triggers phosphorylation of its HemITAM sequence which leads to particle phagocytosis, ROS 

production and cytokine release in a fashion similar to the processes observed for bacteria-engaged 

CEACAM3 (Goodridge et al., 2009; Buntru et al., 2011). Interestingly, Dectin-I is able to discriminate 

between large particulate β-glucan structures, like the fungal cell wall, and small soluble β-glucans, 

which might originate from fungal shedding. The molecular basis of this discrimination was attributed 

to the involvement and redundant action of PTPRC and PTPRJ. Interaction of Dectin-I with large 

extracellular β-glucan particles leads to receptor clustering and close interaction of the macrophage 

and the fungal cell. Large ectodomain-containing proteins are mechanically excluded from this zone, 

efficiently creating a structured phagocytic synapse with a characteristic phosphatase-free membrane 

patch directly underneath the engaged pathogen (Goodridge et al., 2011). Phosphatases at the rim of 

the synapse are still able to activate cytoplasmic Src-family kinases via removal of their inhibitory 

carboxy-terminal phosphorylation but are unable to interfere with the Src-phosphorylated HemITAM 

sequence of Dectin-I at the core of the phagocytic synapse.  

We propose a similar model for the rapid and localized activation of CEACAM3 in neutrophilic 

granulocytes (Figure II-8). Without stimulation by CEACAM3-binding bacteria, the CEACAM3 HemITAM 

motifs are mostly dephosphorylated, which we attribute to a balance between Src family kinases and 

counteracting protein tyrosine phosphatases. Upon infection-mediated receptor engagement and 

clustering, this balance shifts to favor HemITAM phosphorylation and downstream signaling, leading 

to bacterial internalization. Even though gram-negative bacteria only possess a fraction of the size of 

the fungal cells engaged by Dectin-I they are still massive in relation to proteins contributing to the 

Dectin-I phagocytic synapse. Therefore, a size-distinction mechanism might be a sensible function for 

CEACAM3-mediated activation by phosphatase exclusion. Hence, the contribution of the phosphatase 

ectodomains to HemITAM phosphorylation and bacterial internalization was assessed. Remarkably, 

both could be suppressed by the expression of ectodomain-lacking PTPRC or PTPRJ while full-length 

phosphatases failed to affect the process in a relevant way.  
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We expect the membrane-anchored phosphatase variants to infiltrate the phosphatase exclusion zone 

of the phagocytic synapse and to counteract the Src family kinases. Neutrophilic granulocytes might 

profit from the ability to distinguish between direct contact to invading microbes and their shed 

surface patterns in the same way as macrophages. Especially Neisseria species are known to 

continuously shed smaller outer membrane ‘blebs’ into their surrounding which reportedly can contain 

CEACAM-binding Opa-proteins (Pettit and Judd, 1992; Devoe and Gilchrist, 1973). The ability of these 

membrane blebs, or singular CEACAM-binding adhesins, to initiate CEACAM3 activation has not yet 

been investigated. Most well-established CEACAM-binding adhesins cannot easily be produced in a 

soluble functional form, either due to their membrane-embedded interaction domain (Opa-proteins 

of Neisseria, OMP P1 of Haemophilus influenzae) or their trimeric nature (UspA1 of Moraxella 

 

Figure II-8: The CEACAM3 phagocytic synapse model – Phosphatase exclusion zone triggers HemITAM signaling    
(Left) Phosphorylation of CEACAM3 by Src family kinases is counteracted by transmembrane phosphatases, which 
continuously dephosphorylate CEACAM3 and thereby suppress downstream signaling. (Right) Bacterial engagement of 
CEACAM3 leads to receptor clustering underneath the multivalent particle. Close particle attachment to the cell membrane 
mechanically exclude transmembrane proteins with long extracellular domains from the central CEACAM3-cluster. This leads 
to a highly structured phagocytic synapse with PTPRC and PTPRJ at the rim of a CEACAM3-rich phosphatase exclusion zone, in 
which HemITAM signaling is no longer suppressed, leading to the activation of localized (phagocytosis, oxidative burst) and 
transcriptional (cytokines) effector pathways. 
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catarrhalis) (Connell et al., 1990; Tchoupa et al., 2015; Conners et al., 2008). In contrast, the CEACAM-

interaction domain of HopQ from Helicobacter pylori was recently recombinantly expressed in soluble 

and functional form, which will be a boon of future investigations addressing PTPRC/PTPRJ-mediated 

size discrimination by CEACAM3 (Bonsor et al., 2018; Moonens et al., 2018). While PTPRC and PTPRJ 

have been described to exhibit functional redundancy in the regulation of the Dectin-I HemITAM 

mediated activation of phagocytosis, their binding and enzymatic preference for individual 

phosphotyrosine residues in the Dectin-I HemITAM has not been assessed. While investigating the 

selectivity of PTPRC and PTPRJ for the phosphorylated CEACAM3 receptor, we observed indications for 

distinct binding and dephosphorylation preferences of the phosphatases. While PTPRC bound to both, 

HemITAM tyrosine residues (pY230 and pY241) PTPRJ preferably bound to the membrane proximal 

tyrosine residue (pY230). The strong association of PTPRC with both phospho-tyrosine residues might 

result from its cytoplasmic domain structure. 

In contrast to PTPRJ, PTPRC possesses two tandemly duplicated protein tyrosine phosphatase 

homology domains, of which the membrane-distal domain lacks catalytic activity (Desai et al., 1994). 

The function of this secondary domain is unclear but has been implicated in the mediation of intra- 

and intermolecular interactions (Felberg and Johnson, 1998). Interestingly, CEACAM3 and Dectin-I 

downstream signaling are both mediated by the membrane-proximal phospho-tyrosine residue of 

their respective HemITAM sequences, while the other tyrosine residue is dispensable for phagocytosis 

mediated by either receptor (Buntru et al., 2012; Underhill et al., 2005). This observation supports the 

notion of functional redundancy concerning the main activation of phagocytosis, ROS production and 

cytokine transcriptional activation by CEACAM3 signaling. Still, less pronounced regulatory functions 

of the membrane distal HemITAM tyrosine residue, might be relevant but are not yet been fully 

explored (Schmitter et al., 2004; Buntru et al., 2011). Interestingly, the described preference of PTPRC 

and PTPRJ for dephosphorylation of the critical pY230 residue could only be observed when employing 

purified receptors and proteins, while co-expression of CEACAM3 with ectodomain-lacking PTPRJ 

completely suppressed CEACAM3 phosphorylation in infected cells. This discrepancy confirms the 

need for further investigation of this process and additional factors that might contribute to the 

regulation of CEACAM3 phosphorylation in the cellular context. 
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METHODS 

EXPERIMENTAL MODEL AND SUBJECT DETAILS  

Cell lines and cell culture 

Human embryonic kidney 293T cells (293T cells) were originally obtained from the German collection 

of microorganisms and cell cultures, DSMZ, Braunschweig, Germany (cell line number ACC-635). The 

cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% calf serum and 

used between passages 15 and 35. The cell line was not further authenticated. HL60 cells were 

originally obtained from the American Type Culture Collection, ATCC, Manassas, VA (cell line number 

CCL-240). The cells were maintained in RPMI 1640 supplemented with 10% fetal calf serum and used 

between passages 10 and 30. The cell line was not further authenticated.  

Bacterial strains and growth conditions 

Non-piliated N.gonorrhoeae MS11-B2.1 strains expressing Opa52  (strain N309), Opa54 (strain 311) or 

no Opa proteins (strain N302) were described previously (Makino et al., 1991). Bacteria were grown at 

37°C, 5% CO2 on GC-Agar (Gibco BRL, Praisley, UK) supplemented with GC-vitamin mix (1:100) and 

appropriate antibiotics. GC-vitamin mix is prepared by solubilizing 20 g glucose, 2 g glutamine, 5.2 g L-

cysteine, 20 mg cocarboxylase, 50 mg nicotinamide adenine dinucleotide (NAD), 4 mg Fe(NO3)3, 30 mg 

arginine, 0.6 mg vitamin B1, 2 mg vitamin B12, 2.6 mg p-aminobenzoic acid, 220 mg cystine, 200 mg 

adenine, 100 mg uracil, 6 mg guanine in 200 ml H2O, pH adjusted to pH 7 with HCl.  

METHOD DETAILS 

Recombinant DNA  

The lentiviral Cerulean expression vector (pLL3.7 Cerulean) was created by modification of the pLL3.7 

GFP vector (addgene # 11795) through the replacement of the GFP-encoding gene with the Cerulean-

encoding sequence found in mCerulean C1 (addgene # 27796). Both plasmids were digested with 

AgeI/BsrGI and the protein-coding sequences were exchanged. The CRISPR library-analogous plasmid 

containing a Cerulean targeting sgRNA was constructed from the empty vector pLentiCrisprv2 

(addgene # 52961) by vector digestion with KpnI and ligation with annealed oligos encoding the 

Cerulean targeting sgRNA (5’ ATAGGTACCGTGAGGGCCTATTTCCC 3’ and 

5’ ATAGGTACCGTCTGCAGAATTGGCGC 3’).  

Lentiviral plasmids harboring sgRNA sequences were created by modification of the plentiCRISPR v2 

vector (addgene # 52961) by digestion with BsmBI and ligation of the backbone fragment (13 kbp) with 
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annealed oligos containing the respective guide RNA with appropriate overhangs. Sequences are 

supplied in Supplementary Table II-1. 

Similar, a lentiviral vector harboring the Cerulean-targeting sgRNA was constructed using a specific 

sense (5’ CACCGGAGACGGATGGGCCCAATTCGAATACACGTGGTTGATTTAAATGGGCCCCGTCTCC 3’) and 

antisense (5’ AAACGGAGACGGGGCCCATTTAAATCAACCACGTGTATTCGAATTGGGCCCATCCGTCTCC 3’) 

oligo. Additionally, the Cas9 gene was removed from the backbone by digestion with AgeI and BamHI 

and subsequent religation with another annealed oligo stuffer. Sense oligo sequence 

(5’ CCGGTTCTAGAGCGCTGCCACCATGG 3’); antisense oligo sequence 

(5’ GATCCCATGGTGGCAGCGCTCTAGAA 3’). 

Expression vectors for phosphatase constructs were constructed from full-length cDNA of PTPRC 

(Porcu et al., 2012), PTPRJ (Spring et al., 2012) and PTPRS (Harvard Medical School, plasmid collection 

# HsCD00341547). Ligation independent vector construction was conducted as previously described 

(Adrian et al., 2019). Briefly, cDNA fragments corresponding to the intended phosphatase fragments 

were amplified by PCR using primers introducing ligation independent cloning (LIC) overhangs and 

applicable N-terminal myristoylation sites. Trapping mutations were introduced by Overlapping 

Extension (SOEing) PCR by pairing the primers designed for the active variant with mutation-specific 

counterparts. Subsequently, these PCR products were inserted into to the pDNR-Dual LIC vector, 

derived from the pDNR-Dual vector system (Clontech). LoxP-based recombination into mammalian 

expression vectors harboring GFP or mCherry downstream of the LoxP-integration site yielded open 

reading frames encoding the indicated phosphatase construct fused to the corresponding fluorescent 

protein. Utilized primers are indicated in Supplementary Table II-2. 

Transfection of 293T cells 

Transfection of 293T cells with expression vectors encoding CEACAM3 variants, phosphatases or v-Src 

was performed by calcium phosphate co-precipitation using 5 µg of plasmid DNA for each 10-cm 

culture dish at ~20% confluence. Transfection solution was produced by adding 5 µg of plasmid DNA 

to 500 µL H2O before adding 500 µL 2x HBS buffer (274 mM NaCl, 42 mM HEPES, 1.4 mM Na2HPO4, pH 

7.05) and 50 mL 2.5 M CaCl2. 

Lentivirus production and lentiviral transduction 

293T cells were transfected with 7 µg pMD2.G, 10 µg psPAX2 and 13 µg pLL3.7 or by calcium-phosphate 

co-precipitation. Co-precipitation was performed by adding the indicated plasmid DNA to 500 µL H2O 

before adding 500 µl 2x HBS buffer (274 mM NaCl, 42 mM HEPES, 1.4 mM Na2HPO4, pH 7.05) and 50 µl 

2.5 M CaCl2. After 72 h the virus-containing supernatant was cleared by centrifugation and sterile 
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filtered with a 0.45 µm syringe filter. Spinfection was performed on batches of 1x106 HL60 CEACAM3-

mKate Cerulean cells in 1 ml culture medium by addition of 1 mL virus-containing supernatant in the 

presence of 8 µg/mL hexadimethrine bromide. Spinfection was carried out at 800 xg for 1 h at RT.  

Analysis of bacterial invasion by flow cytometry 

Before infection, bacteria were suspended in 1 mL PBS, 2 µg carboxyfluorescein-succinimidyl ester 

(CFSE) was added and bacteria were labeled for 20 min, at 37°C under constant shaking. The residual 

staining solution was removed by centrifugation (5000 rpm, 5 min) and three times washing with PBS. 

1 x 106 HL60 cells were suspended in 1 mL sterile filtered phagocytosis buffer (PBS, 0.9 mM CaCl2, 

0.5 mM MgCl2, 5 mM glucose, 1% heat-inactivated fetal calf serum) and infected with fluorescein-

labeled bacteria for 15 min at 37°C under gentle rotation. Infection was stopped by washing once with 

ice cold PBS. By the addition of trypan blue to a final concentration of 0.2 mg/mL intracellular bacteria 

were selectively measured by quenching extracellular fluorescein signals (Pils et al., 2006). Raw data 

were processed with FlowJo. 

Immunoblotting and antibodies 

Western Blot was performed as described earlier (Hauck et al., 2001). Primary antibodies are listed in 

the key resource table. All peroxidase- and fluorescence-labeled secondary antibodies were purchased 

from Jackson ImmunoResearch (West Grove, PA). 

Gentamicin protection assay 

One day after transfection, 293T cells were seeded in 24-well plates (5x105 cells/well) coated with 

gelatine. Next day, cells were infected with Neisseria gonorrhoeae expressing the indicated adhesins 

at a multiplicity of infection (MOI) of 30. 45 min after infection, extracellular bacteria were killed by 

30 min incubation with 100 µg/ml gentamicin dissolved in cell culture medium. Internalized bacteria 

were released by cell lysis with 0.5% (w/v) saponin in PBS for 15 min, and viable bacteria were 

enumerated after plating in suitable dilutions. For each sample three technical replicates were 

evaluated. Statistical evaluation of three or four independent experiments was performed via two-

tailed t-test. 

CEACAM enrichment from cell lysates 

To enrich Opa52 binding CEACAMs from HL60 cell lysates, Neisseria gonorrhoeae expressing Opa52 were 

harvested from an agar plate and resuspended in a fixation solution (4% PFA in PBS) for 20 minutes. 

After three washing steps with PBS, ~2.5 x 109 fixed bacteria were added to 1 mL HL60 cell lysate (~5 x 

107 cells) and rotated at 4°C for 1 h. Neisseria were collected by centrifugation at 5000 rpm for 5 min 

at 4°C and washed twice with PBS. 
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Analysis of CEACAM receptor expression by flow cytometry 

293T cells were transfected as described above. Two days after transfection cells were detached by 

trypsin wash and stained with monoclonal antibodies against CEA (and CEACAM3) (clone COL-1; 

Genemed), or an isotype-matched unspecific control, for 1 h at 4°C. Following washing, samples were 

stained with Cy5-conjugated goat-anti-mouse antibodies for 30 min at 4°C. Stained sampled were 

measured by flow cytometry on a FACS Fortessa (BD Biosciences), and raw data were evaluated using 

the FlowJo software package.  

CEACAM3 phosphorylation assay  

293T cells transfected with the constructs encoding a GFP-tagged CEACAM3 receptor and Cerulean-

tagged full-length or myristoylated PTPRJ were infected with N. gonorrhoeae expressing Opa52 or no 

Opa adhesin for the indicated duration (15/30 min). Subsequently, cells were lysed in phosphatase 

inhibitor supplemented (10 mM p-nitrophenyl phosphate, 1 mM Na3VO4) RIPA buffer as described 

previously (Schmitter et al., 2004). Immunoblotting analysis was conducted as described above. 

Immunoprecipitation and CEACAM3 dephosphorylation assay 

293T cells transfected for the expression of the indicated combinations of CEACAM3 variants and the 

catalyticly active v-Src kinase were lysed in RIPA buffer 3 days after transfection. CEACAM3 receptors 

were purified by incubation for 2 h at 4°C with GFP-specific monobodies coupled to sepharose beads 

(30 µL bead solution per 10 cm dish). Beads were washed trice with GFP-trap washing buffer (10 mM 

Tris-HCl, 150 mM NaCl). Expressed phosphatases were purified using the same protocol with a mCherry 

specific monobody. All bead samples were resuspended in 50 µL phosphatase buffer (25 mM HEPES 

pH 7.2, 50 mM NaCl, 2.5 mM EDTA, 1 mM DTT). Aliquots of 10 µL CEACAM bead solution were 

incubated with equal amounts of indicated phosphatases for 2 h at 37°C. CEACAM3 phosphorylation 

was assessed via immunoblotting analysis as described above. 

Co-immunoprecipitation of substrate-trapping phosphatases and CEACAM3 receptor variants  

293T cells transfected for the expression of the indicated combinations of CEACAM3 variants, v-Src 

and myristoylated substrate-trapping phosphatase variants. Transfected cells were lysed after three 

days as described above. Cell lysis samples were divided to be incubated with sepharose beads-

coupled monobodies directed against GFP (CEACAM3) or mCherry (phosphatase) and incubated for 

2 h at 4°C under constant rotation. Beads were washed trice with GFP-trap washing buffer (10 mM 

Tris-HCl, 150 mM NaCl). Co-precipitation was evaluated by immunoblotting analysis as described 

above. 
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Key resources table 

REAGENT or RESOURCE 

 

SOURCE IDENTIFIER 

Antibodies 

 

 

 

  

HRP-conjugated goat anti-mouse Jackson ImmunoResearch AB_2307392 

Cy5-conjugated goat anti-mouse Jackson ImmunoResearch AB_2338447 

Rabbit polyclonal anti-mKate2 University of Constance  

Mouse monoclonal anti-tubulin E7 DSHB, University Iowa AB_528499 

Mouse monoclonal anti-GFP JL-8 BD Biosciences AB_2314359 

Mouse monoclonal anti-CEA Col-I Genemed AB_11204732 

Mouse monoclonal anti-PTyr PY72 Upstate Biotechnology AB_448291 

Mouse monoclonal anti-Opa 4B12/C11 (Hobbs et al., 1994) 4B12/C11 

Mouse monoclonal anti-RFP clone 6G6 ChromoTek AB_2631395 

 

Bacterial and Virus Strains 

  

Non-piliated N.gonorrhoeae MS11-B2.1 Opa52 (Makino et al., 1991) N309 

Non-piliated N.gonorrhoeae MS11-B2.1 Opa- (Makino et al., 1991) N302 

Non-piliated N.gonorrhoeae MS11-B2.1 Opa54 (Makino et al., 1991) N311 

 

Chemicals, Peptides, and Recombinant Proteins 

  

Trypan blue AppliChem Cat# A0668 

Carboxyfluorescein SE (CFSE) Molecular Probes Cat# C1157 

GC-Agar Becton Dickinson Cat# 228950 

Agar AppliChem Cat# A2113 

Hexadimethrine bromide Sigma-Aldrich Cat# 107689 

DMEM Merck Cat# FG0435 

RPMI Merck Cat# FG1215 

Calf serum Biochrom Cat# S 0125 

Fetal calf serum Biochrom Cat# S 0115 

FD-BshTI (AgeI) Thermo Scientific FD1464 

FD-BamHI Thermo Scientific FD0054 

Esp3I (BsmBI) Thermo Scientific ER0451 

DNA purification Mini Spin Column Kit Genaxxon S5358 

Gel extraction DNA Purification Min Spin Column 

Kit 

Genaxxon S53374 



CHAPTER II - METHODS 

 
94 

 

   

Experimental Models: Cell Lines   

HEK293T DSMZ RRID:CVCL_0063 

HL60 DSMZ RRID:CVCL_0002 

HL60 CEACAM3-mKate2 (Adrian et al., 2019)  

HL60 CEACAM3-mKate2 Cerulean This study  

HL60 CEACAM3-mKate2 Cerulean sgCerulean This study  

   

 

Oligonucleotides 

  

sgRNA annealing, see Supplementary Table 1 This study  

Primers for PCR, see Supplementary Table 2 This study  

 

Recombinant DNA 

  

pLentiCRISPR v2 (Sanjana et al., 2014) # 52961 addgene 

pMD2.G addgene # 12259 addgene 

psPAX2 addgene # 12260 addgene 

pLentiCRISPR v2 sgCerulean w/o Cas9 This study  

pLentiCRISPR v2 sgPTPRA This study  

pLentiCRISPR v2 sgPTPRB This study  

pLentiCRISPR v2 sgPTPRC This study  

pLentiCRISPR v2 sgPTPRD This study  

pLentiCRISPR v2 sgPTPRE This study  

pLentiCRISPR v2 sgPTPRF This study  

pLentiCRISPR v2 sgPTPRG This study  

pLentiCRISPR v2 sgPTPRH This study  

pLentiCRISPR v2 sgPTPRJ This study  

pLentiCRISPR v2 sgPTPRK This study  

pLentiCRISPR v2 sgPTPRM This study  

pLentiCRISPR v2 sgPTPRN1 This study  

pLentiCRISPR v2 sgPTPRN2 This study  

pLentiCRISPR v2 sgPTPRO This study  

pLentiCRISPR v2 sgPTPRQ This study  

pLentiCRISPR v2 sgPTPRR This study  
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pLentiCRISPR v2 sgPTPRS This study  

pLentiCRISPR v2 sgPTPRT This study  

pLentiCRISPR v2 sgPTPRU This study  

pLentiCRISPR v2 sgPTPRZ1 This study  

pLPS3’Cerulean This study  

pLPS3’mCherry This study  

pLPS3’Cerulean PTPRC This study  

pLPS3’Cerulean PTPRJ This study  

pLPS3’Cerulean myr-PTPRC This study  

pLPS3’Cerulean myr-PTPRJ This study  

pLPS3’Cerulean myr-PTPRS This study  

pLPS3’mCherry myr-PTPRC This study  

pLPS3’mCherry myr-PTPRJ This study  

pLPS3’mCherry myr-PTPRS This study  

pLPS3’mCherry myr-PTPRC D/A This study  

pLPS3’mCherry myr-PTPRJ D/A This study  

pLPS3’mCherry myr-PTPRS D/A This study  

 

Software and Algorithms 

  

Image Lab BioRad 5.2.1 build 11 

FlowJo  FlowJo LLC v10.0.7 

GraphPad Prism GraphPad Software v5.0.1 
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SUPPLEMENTARY INFORMATION 

Supplementary Table 1 

  

 

Supplementary Table II-1: Receptor-type protein tyrosine phosphatase targeting sgRNA sequences and ligation overhangs 
Oligos used to generate sgRNA containing lentiviral plasmids. The pLentiCRIPR v2 (addgene # 52961) was digested with BsmBI. 
Resulting backbone overhangs are complementary to the underscored sequences. Annealed oligos were inserted into the 
backbone to generate functional sgRNA encoding genes. 

forward oligo (5' - 3') reverse oligo (5' - 3')

ligation overhang, sense sgRNA ligation overhang, antisense sgRNA

PTPRA CACCG CTGTTCTGGCATCCGTGAAC AAAC GTTCACGGATGCCAGAACAGC

PTPRB CACCG TGTGGTGTTGTCTATCCGAA AAAC TTCGGATAGACAACACCACAC

PTPRC CACCG TTACCACATGTTGGCTTAGA AAAC TCTAAGCCAACATGTGGTAAC

PTPRD CACCG TCGAACTCAACATTCGTGCC AAAC GGCACGAATGTTGAGTTCGAC

PTPRE CACCG CACTCCGAAGTCGGGCCAGC AAAC GCTGGCCCGACTTCGGAGTGC

PTPRF CACCG TCATCTCGCTGCACCCGCAA AAAC TTGCGGGTGCAGCGAGATGAC

PTPRG CACCG CGGGGAAGCACACGACATAA AAAC TTATGTCGTGTGCTTCCCCGC

PTPRH CACCG AACAGCCACCAACGTCACCG AAAC CGGTGACGTTGGTGGCTGTTC

PTPRJ CACCG CAGGCTCTAACCCGACAAGC AAAC GCTTGTCGGGTTAGAGCCTGC

PTPRK CACCG AGGGGCCTGTGATTACCACC AAAC GGTGGTAATCACAGGCCCCTC

PTPRM CACCG GATGAGCCGTATAGCACATG AAAC CATGTGCTATACGGCTCATCC

PTPRN1 CACCG CAGGCTGTCTATTTGACCGC AAAC GCGGTCAAATAGACAGCCTGC

PTPRN2 CACCG GGCGTCGGAGGGCGTTGGCC AAAC GGCCAACGCCCTCCGACGCCC

PTPRO CACCG TAGTAATATCACCTTTCAGC AAAC GCTGAAAGGTGATATTACTAC

PTPRQ CACCG GCTCATCACAGTGGCAGACC AAAC GGTCTGCCACTGTGATGAGCC

PTPRR CACCG TCTCCCATAAACCGAAAAAC AAAC GTTTTTCGGTTTATGGGAGAC

PTPRS CACCG GTTCCCTACCTCGCACGTAG AAAC CTACGTGCGAGGTAGGGAACC

PTPRT CACCG CCTGGGAGCAGATTAACACA AAAC TGTGTTAATCTGCTCCCAGGC

PTPRU CACCG CGTTGACCTCCACGTCGCCC AAAC GGGCGACGTGGAGGTCAACGC

PTPRZ1 CACCG AACACATTCATTCATAACAC AAAC GTGTTATGAATGAATGTGTTC

targeted gene
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Supplementary Table 2 

 

Supplementary Table II-2: Primers used for the construction of phosphatase expression vectors. 
 

phosphatase primer sequence (5' - 3')

PTPRC FL sense ACTCCTCCCCCGCCATGACCATGTATTTGTGGCTTAAACTCTTGG

reverse CCCCACTAACCCGTGAACCTTGATTTAAAGCTGGACTTGC

PTPRC myr sense ACTCCTCCCCCGCCATGGGATGTATAAAATCAAAAGGGAAAGACTA

CAAAATCTATGATCTACATAAGAAAAGATCC

reverse CCCCACTAACCCGTGAACCTTGATTTAAAGCTGGACTTGC

PTPRC myr D/A sense CAGTTCACCAGCTGGCCAGCCCACGGGGTGCCTGAGGATCC

reverse GGATCCTCAGGCACCCCGTGGGCTGGCCAGCTGGTGAACTG

PTPRJ FL sense ACTCCTCCCCCGCCATGAAGCCGGCGGCGCGGGAGG

reverse CCCCACTAACCCGGGCGATGTAACCATTGG

PTPRJ myr sense ACTCCTCCCCCGCCATGGGATGTATAAAATCAAAAGGGAAAGACAG

AAAGAAGAGGAAAGATGC

reverse CCCCACTAACCCGGGCGATGTAACCATTGG

PTPRJ myr D/A sense CCATTTCACCTCCTGGCCAGCCCACGGTGTTCCCGACACC

reverse GGTGTCGGGAACACCGTGGGCTGGCCAGGAGGTGAAATGG

PTPRS FL sense ACTCCTCCCCCGCCATGGCGCCCACCTGGGGC

reverse CCCCACTAACCCGGGTTGCATAGTGGTCAAAGC

PTPRS myr sense ACTCCTCCCCCGCCATGGGATGTATAAAATCAAAAGGGAAAGACC

TGCTCTACAAGAACAAACC

reverse CCCCACTAACCCGGGTTGCATAGTGGTCAAAGC

PTPRS myr D/A sense CCAGTTTACGGCGTGGCCGGCCCATGGCGTGCCCGAATACC

reverse GGTATTCGGGCACGCCATGGGCCGGCCACGCCGTAAACTGG
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ABSTRACT 

The selective pressure by infectious agents is a major driving force in the evolution of humans and 

other mammals. Members of the carcinoembryonic antigen-related cell adhesion molecule (CEACAM) 

family serve as receptors for bacterial pathogens of the genera Haemophilus, Helicobacter, Neisseria, 

and Moraxella, which engage CEACAMs via distinct surface adhesins. While microbial attachment to 

epithelial CEACAMs facilitates host colonization, recognition by CEACAM3, a phagocytic receptor 

expressed by granulocytes, eliminates CEACAM-binding bacteria. Sequence analysis of primate 

CEACAM3 orthologues reveals that this innate immune receptor is one of the most rapidly evolving 

human proteins. In particular, the pathogen-binding extracellular domain of CEACAM3 shows a high 

degree of non-synonymous vs. synonymous nucleotide exchanges, indicating an exceptionally strong 

positive selection. Using CEACAM3 domains derived from different primates we find that the amino 

acid alterations found in CEACAM3 translate into characteristic binding patterns for bacterial adhesins. 

One such amino acid residue is F62 in human and chimp CEACAM3, which is not present in other 

primates and which is critical for binding the OMP P1 adhesin of Haemophilus aegyptius. Incorporation 

of the F62-containing motif into gorilla CEACAM3 results in a gain-of-function phenotype with regard 

to phagocytosis of H. aegyptius. Moreover, CEACAM3 polymorphisms found in human subpopulations 

widen the spectrum of recognized bacterial adhesins, suggesting an ongoing multivariate selection 

acting on this innate immune receptor. The species-specific detection of diverse bacterial adhesins 

helps to explain the exceptionally fast evolution of CEACAM3 within the primate lineage and provides 

an example of Red Queen dynamics in the human genome. 
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INTRODUCTION 

Infectious agents are a major driving force during evolution including the evolution of man and other 

mammals (Fumagalli et al., 2011). The increased allele frequency of sickle cell β-hemoglobin found in 

human populations living in malaria-endemic regions is a prime textbook example of a potentially 

deleterious gene polymorphism maintained due to selective pressure by a specialized parasite (Allison, 

1954). Genome sequencing has revealed that several immunity-related human genes are under 

positive selection such as the viral RNA-editing enzyme APOBEC3H (Harari et al., 2009; Nakano et al., 

2017). The concept of a constant molecular ‘arms-race’ between pathogens and their hosts is in-line 

with the so-called Red Queen hypothesis (van Valen, 1973), but examples for variability in bacterial 

pathogens and co-occurrence of positive selection in corresponding human defense genes are lacking. 

We and others have identified epithelial surface proteins of the human carcinoembryonic antigen-

related cell adhesion molecule (CEACAM) family as targets for diverse human-restricted bacteria 

(Tchoupa et al., 2014). Members of this immunoglobulin receptor family are expressed on the apical 

surface of mucosal cells lining the nasopharynx, the intestine and the genitourinary tract (Thompson 

et al., 1991; Beauchemin et al., 1999). Several gram-negative pathogens, including Haemophilus 

influenzae, H. aegyptius, Helicobacter pylori, Neisseria gonorrhoeae, N. meningitidis, and Moraxella 

catarrhalis, express specialized adhesins to associate with the amino-terminal immunoglobulin 

variable (IgV)-like domain shared by all CEACAM family members (Chen and Gotschlich, 1996; Virji et 

al., 1996a; Hill and Virji, 2003; Tchoupa et al., 2015; Koniger et al., 2016). Attachment to apically 

expressed CEACAMs appears to facilitate bacterial colonization of the mucosal surface, not only by 

providing a direct molecular connection to the epithelium, but also by suppressing the exfoliation and 

detachment of infected superficial cells (Muenzner et al., 2005; Muenzner et al., 2010; Muenzner et 

al., 2016). In contrast to this obvious advantage gained by microbes on the level of the epithelium, 

CEACAM-mediated recognition by innate immune cells appears to have detrimental consequences for 

the microorganism. In particular, CEACAM3, a family member expressed on polymorphonuclear 

granulocytes (PMNs; neutrophils), is responsible for the rapid opsonin-independent phagocytosis and 

clearance of CEACAM-binding microbes (Schmitter et al., 2004; Sarantis and Gray-Owen, 2007). While 

the extracellular IgV-like domain of CEACAM3 shares high sequence similarity with CEACAM1, CEA, and 

CEACAM6, the intracellular domain of CEACAM3 is unique and responsible for the specific function of 

this protein. Indeed, tyrosine residues within the carboxy-terminal HemITAM-like sequence are 

phosphorylated upon receptor engagement and recruit several cytoplasmic proteins (Sarantis and 

Gray-Owen, 2007; Schmitter et al., 2007a; Schmitter et al., 2007b; Buntru et al., 2011; Pils et al., 2012). 

These trigger an intracellular signaling cascade stimulating bactericidal and immunostimulatory 
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responses of granulocytes, including rapid phagocytosis, activation of the oxidative burst and NF-κB-

dependent gene expression (Buntru et al., 2012; Heinrich et al., 2016). 

Obviously, detection by granulocyte-expressed CEACAM3 is to the disadvantage of the involved 

bacteria. It is therefore not surprising that pathogens seem to avoid recognition by CEACAM3, while 

retaining binding to epithelial CEACAMs. This phenomenon is most obvious in the case of Neisseria 

gonorrhoeae. In this species, a single strain contains up to 11 distinct gene loci encoding CEACAM-

binding adhesins, the so-called colony opacity-associated (Opa) proteins (Stern et al., 1986). For two 

strains, the CEACAM-binding profile of the complete Opa protein repertoire has been analyzed  (Gray-

Owen et al., 1997b; Roth et al., 2013). In each case, 10 out of 11 Opa proteins bound to epithelial 

CEACAMs, while only few adhesins (three or one out of 11) were also recognized by CEACAM3 (Roth 

et al., 2013). This finding indicates that pathogens evolve adhesins with a preference for binding to 

epithelial CEACAMs and avoiding the granulocyte phagocytic receptor CEACAM3. 

A situation similar to N. gonorrhoeae Opa proteins has been observed for H. influenzae (Hinf) OMP P1, 

which functions as the CEACAM-binding adhesin of this microbe. OMP P1 proteins from a variety of 

Hinf isolates recognize CEACAM1, but at the same time do not bind to CEACAM3 (Tchoupa et al., 2015). 

The only CEACAM-binding OMP P1 variant that is recognized by CEACAM3 has been identified in the 

related species H. aegyptius (Tchoupa et al., 2015). Akin to neisserial Opa proteins, OMP P1 proteins 

isolated from different Haemophilus strains show a high degree of sequence variation in their 

extracellular parts (Tchoupa et al., 2015). Again, escape from detection by CEACAM3 could explain this 

genetic diversity. We reasoned, therefore, that human CEACAM3 could be involved in an evolutionary 

arms race with human-restricted bacteria and that CEACAM3 phylogeny would provide insight into the 

co-evolution of this innate immune receptor and its bacterial ligands. 

By identifying and comparing CEACAM3 orthologues from different primate species, we present 

evidence that CEACAM3 is under extraordinary strong positive selection in humans. Amino acid 

changes in the extracellular domain of CEACAM3 from rhesus monkey to humans translate into the 

ability of this receptor to detect and phagocytose specific bacteria. In particular, we identify a single 

amino-acid residue that, when changed from gorilla to the human sequence, supports binding to 

Haemophilus aegyptius OMP P1. Furthermore, the co-occurance of single nucleotide polymorphisms 

in human CEACAM3, as observed in ~40% of the African population, determines the binding to distinct 

neisserial Opa proteins. Together, our results establish CEACAM3 as one of the most rapidly evolving 

human genes, where frequent amino acid changes allow adaptation to distinct human-restricted 

pathogens.
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RESULTS 

The granulocyte receptor CEACAM3 is under exceptionally strong positive selection 

DNA and amino acid sequence analysis of 13,000 orthologous proteins in man, chimpanzee and rhesus 

monkey revealed a set of ~150 genes with elevated ratios of non-synonymous substitution per non-

synonymous site and synonymous mutations per synonymous site (dN/dS ratios) indicating positive 

selection (Rhesus Macaque Genome Sequencing and Analysis Consortium et al., 2007). Amongst these 

fast evolving primate genes were several members of the CEACAM family, in particular CEACAM1, 

CEACAM5 and CEACAM6, which serve as epithelial docking sites for bacterial pathogens  (Tchoupa et 

al., 2014). Compared to the average dN/dS ratio of human vs. chimpanzee genes (0.3) (Wolf et al., 

2009), the binding mediating IgV-like domains of  CEACAM1 and CEACAM5 have dN/dS ratios >1 when 

comparing the human sequences with the orthologues sequences of chimpanzee, pongo, or macaque 

indicating positive selection ( III-1 A). In comparison, the terminal Ig-fold of VCAM, a member of the Ig-

superfamily responsible for binding to α4β1-integrin, is under strong purifying selection with a dN/dS-

ratio far below 1 (Figure III-1 A). 

In contrast to the epithelium-associated CEACAM family members CEACAM1 and CEA, primate 

orthologues of CEACAM3 had not been included in prior comparative evolutionary studies (Rhesus 

Macaque Genome Sequencing and Analysis Consortium et al., 2007). As CEACAM3 is the innate 

immune receptor, which detects and eliminates CEACAM-binding bacterial pathogens, it should be, 

according to the Red Queen hypothesis, under positive selection. 

Therefore, we first searched primate genomes for the presence of CEACAM3 orthologues. Using 

homology searches, gene synteny, exon/intron structure and the presence of a HemITAM, we were 

able to identify CEACAM3 orthologues in the genomes of Old World monkeys including Macaca 

mulatta, Papio anubis, Pongo abelii, Gorilla gorilla, and Pan troglodytes (Figure III-1 B). With the 

exception of Papio anubis, CEACAM3 orthologues sequences from these species had been reported 

before (Mikkelsen, 2005; Locke et al., 2011; Scally et al., 2012; Zimin et al., 2014). In all these genomes, 

orthologues of human CEACAM3 were located at the syntenic position with the identical 

transcriptional orientation within the CEACAM gene cluster (Figure III-S1). In contrast, CEACAM3 

orthologues were absent from the available genomes of New World monkeys or lemurs (Sato et al., 

2015; Chang et al., 2013) suggesting that CEACAM3 first emerged following the divergence of Old and 

New World monkeys (Figure III-1 B). Furthermore, the syntenic chromosomal locus of the gibbon 

(Nomascus leucogenys) also did not contain a CEACAM3 orthologue, which is presumably lost from 

this species due to genomic rearrangements occurring on chromosome 19 (Jauch et al., 1992; Carbone 
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et al., 2014) (Figure III-1 B). Sequence alignment of CEACAM3 orthologues indicated a high degree of 

conservation in the amino-terminal signal sequence, the transmembrane region, as well as the C-

terminal intracellular domain including the ITAM-like motif, which initiates downstream signaling upon 

receptor engagement (Figure III-1 C). In contrast, considerable amino acid sequence diversity could be 

seen in the extracellular Ig-variable like domain responsible for ligand binding (Figure III-1 C). Due to 

the amino acid sequence variation in this region, CEACAM3 orthologues from human and chimp also 

lack an additional N-glycosylation site present in the other species (Figure III-1 C).  

To get insight into potential positive selection acting on CEACAM3, the dN/dS ratio between human, 

chimpanzee (pan), orang-utan (pongo) and rhesus monkey (macaca) was determined for full length 

CEACAM1, CEACAM5, CEACAM3 and Dectin-I as well as the terminal binding domain of CEACAM3 and 

Dectin-I (Figure III-1 D). Strikingly, CEACAM3 displays an exceptionally high dN/dS ratio pointing to an 

even stronger selective pressure acting on this innate immune receptor, when compared to the 

previously analyzed epithelial CEACAMs (Figure III-1 D). Interestingly, other phagocyte receptors 

involved in detecting and eliminating pathogens, such as Dectin-1, which recognizes fungal β-glucans, 

show a dN/dS ratio which is only slightly elevated from the genome-wide average (Figure III-1 D). 

CEACAMs as well as Dectin-1 bind their ligands via their terminal extracellular domain. Therefore, we 

restricted the analysis to this domain. The low dN/dS ratio seen for the Dectin-1 β-glucan binding 

domain indicates that there is strong purifying selection acting on this phagocytic receptor in higher 

primates (Figure III-1 D). In striking contrast, the IgV-like domain of CEACAM3 shows not only a high 

sequence divergence between human and chimp (90.6% identity), orang-utan (78.5%), or rhesus 

monkey (74.7%), but also has an extraordinarily pronounced dN/dS ratio. Comparably high dN/dS 

ratios can be observed between all analyzed combinations of primate CEACAM3 IgV-like domains, 

while the divergence between Dectin-I CLEC-domains remains constantly low. (Figure III-1 E) This not 

only suggests that there is an exceptionally strong selection pressure on all CEACAM family members 

recognizing pathogenic bacteria, but that in particular CEACAM3 appears as one of the fastest evolving 

primate genes. 
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Figure III-11: The granulocyte receptor CEACAM3 is under exceptionally strong positive selection 
A: The ratios of non-synonymous substitution per non-synonymous site and synonymous mutations per synonymous site (dN/dS) 
in the amino-terminal Ig-domain of human CEACAM1, CEACAM5, and VCAM genes compared to chimp (Pan troglodytes), orang-
utan (Pongo abelii), and macaque (Macaca mulatta) using the full length coding region of each gene. The continuous horizontal line 
indicates a dN/dS ratio of 1, signifying the border between positive selection(>1) and purifying selection (<1) while the dashed line 
indicates the average dN/dS ratio derived from 17,226 orthologues gene pairs from human and chimp as reported by (Wolf et al., 
2009). B: Human CEACAM3 orthologues identified in primate genomes. Species encoding a CEACAM3 orthologue are indicated by 
a star. C: Amino acid sequence alignment of primate CEACAM3 orthologues. Areas highlighted by a horizontal bar indicate the signal 
peptide, the β-strands A - G of the IgV-like fold, the transmembrane domain, and the cytoplasmic ITAM-like sequence. A predicted 
additional glycosylation site present in some primates is indicated by a grey box. D: Plotting of the dN/dS ratios of CEACAM1, 
CEACAM5, CEACAM3, and Dectin-I full length sequence as well as CEACAM3 –IgV-like domain and Dectin-I CLEC domain of human 
to primate orthologues. Lines are as in A) E: Comparison of dN/dS ratios for all combinations of human, chimp, orang-utan and 
macaque sequences of the CEACAM3-IgV-domain or the Dectin-I CLEC-domain. Lines are as in A). See also Figure III-S1 and 
Table III-S1. 
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Recognition of human bacterial pathogens by primate CEACAM3 orthologues follows a 

phylogenetic gradient 

As the IgV-like domain of CEACAM3 appears to be under strong positive selection, we speculated that 

the amino acid sequence alterations acquired during Old World monkey evolution should result in 

functional consequences with regard to bacterial recognition. To test the binding capabilities of 

primate CEACAMs, we recombinantly expressed the CEACAM3 extracellular IgV-like domains of 

human, chimp, gorilla, rhesus monkey and baboon in the form of soluble GFP-fusion proteins 

(Figure III-2 A). Though the CEACAM3 orthologues from gorilla, papio, and macaque showed a slightly 

reduced mobility upon SDS-PAGE (most likely due to the presence of an additional N-glycosylation 

site), all GFP-fusion proteins were expressed at similar levels (Figure III-2 A). To compare their ability 

to recognize different CEACAM-binding proteins, we expressed CEACAM3-binding adhesins derived 

from Moraxella catarrhalis (UspA1), Neisseria gonorrhoeae (Opa52), and Haemophilus aegyptius (OMP 

P1) in E. coli. As laboratory strains of E. coli do not express CEACAM-binding adhesins, the heterologous 

expression allowed a direct comparison of the association of the CEACAM3 orthologues with different 

adhesins in the same bacterial background. To detect binding, the soluble CEACAM3-GFP-fusions were 

incubated with intact bacteria, washed, and bacteria-bound protein was detected by immunoblotting 

with anti GFP-antibodies (see scheme in Figure III-2 B). 

Remarkably, the primate CEACAM3 orthologues showed distinct binding patterns to the bacterial 

adhesins. While human and chimpanzee CEACAM3 was able to interact with all three tested bacterial 

adhesins, the binding efficiency of gorilla CEACAM3 to neisserial Opa52 was clearly reduced, while 

strong affinity to Moraxella UspA1 was retained. Interestingly, gorilla CEACAM3 completely lacked 

binding to H. aegyptius-derived OMP P1. In the case of catarrhini, rhesus monkey CEACAM3 only 

interacted with UspA1, while no binding of baboon CEACAM3 to any of the bacterial adhesins was 

detected (Figure III-2 C). To confirm these data, CEACAM3-binding to the bacterial surface was 

evaluated by a flow cytometry-based assay. Again, human CEACAM3 showed exceptionally strong 

binding to all three bacterial adhesins and chimpanzee CEACAM3 recapitulated this binding pattern, 

albeit with reduced binding to H. aegyptius OMP P1 (Figure III-2 D). Confirming the immunoblotting 

analysis, gorilla CEACAM3 completely lacked binding to OMP P1, while efficiently associating with 

Opa52 and UspA1 (Figure III-2 D). Furthermore, rhesus monkey CEACAM3 bound to UspA1, whereas 

baboon CEACAM3 did not associate with any of the bacterial adhesins (Figure III-2 D). The derived 

binding profiles for the different primate CEACAM3s are summarized in Figure III-2 E. Our findings 

demonstrate that the amino acid sequence alterations observed between primate CEACAM3 

orthologues result in differential binding to adhesins derived from human-restricted bacterial 
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pathogens. In this regard, the CEACAM3-mediated recognition of the bacterial adhesins correlates well 

with the evolutionary distance between these primates. Moreover, the exquisite species-selectivity of 

some of these interactions could allow the identification of critical molecular determinants required 

for receptor-ligand binding. 

 

Figure III-2:  Recognition of human bacterial pathogens by primate CEACAM3 orthologues follows a phylogenetic gradient 
A: Amino-terminal domains of human, chimpanzee, gorilla, baboon and macaque CEACAM3 were expressed as soluble, GFP-tagged 
proteins in 293T cells. Equivalent protein amounts in the supernatants were verified by immunoblotting analysis with α-GFP antibodies. 
B: Schematic work-flow of a bacterial pull-down assay. Soluble GFP-tagged CEACAM-IgV-like domains are secreted by transfected cells  
into cell culture supernatant. E. coli expressing defined pathogen adhesins are incubated with CEACAM-containing cell culture 
supernatants (“X” hypothetical binding; “Y” hypothetical non-binding) to allow CEACAM interaction. Subsequently, unbound CEACAM- 
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IgV-GFP is removed by repeated washing steps. The surface bound CEACAMs are analyzed via immunoblotting or flow 
cytometry. C, D: Supernatants containing the indicated CEACAM3 variants were incubated with E. coli expressing Opa52 of 
N. gonorrohoeae, UspA1 derived from M. catarrhalis, OMP P1 derived from H. aegyptius, or with control E. coli expressing 
no additional adhesin. CEACAM3 binding was determined via bacterial-pulldown and subsequent immunoblotting analysis 
(C) or analysis of GFP fluorescence via flow cytometry (D). E: Summary of adhesin-binding pattern of the analyzed primate 
CEACAM3-IgV-like domains. Binding is symbolized by (+), while lack of binding is symbolized by (–). 

Minor sequence alterations in CEACAM3 allow recognition of H. aegyptius OMP P1 

adhesin 

As H. aegyptius OMP P1 exhibited a striking selectivity for human and chimp CEACAM3, we aligned the 

human, chimpanzee and gorilla CEACAM3 IgV-like domains to reveal sequence alterations exclusively 

found in gorilla. In previous studies, the binding interface of several bacterial adhesins has been 

mapped to the non-glycosylated CC’FG-face of the amino-terminal IgV-like domain (Virji et al., 2000; 

Bonsor et al., 2018). Indeed, a three amino acid long stretch (HLF, amino acid residues 27-29 of the 

mature protein) located at the amino-terminal end of the C-strand differs between human and 

chimpanzee versus gorilla (Figure III-3 A). 3D-modeling of the human CEACAM3 IgV-like domain 

revealed a hydrophobic cleft flanking the CC’FG-face of the Ig-fold formed by the HLF triplet 

(Figure III-3 B, C). To assess the impact of this sequence alteration for OMP P1 binding we changed the 

respective amino acid triplet in the gorilla CEACAM3 IgV-like domain to the corresponding human 

sequence (humanized gorilla; hu-gorilla) and expressed hu-gorilla as a GFP-fusion protein 

(Figure III-3 D). Binding assays with E.coli expressing Opa52 or OMP P1 revealed that introduction of the 

HLF-motif into gorilla CEACAM3 not only permitted binding to OMP P1, but also clearly increased the 

affinity to N.gonorrhoeae Opa52 (Figure III-3 E). To confirm these data, CEACAM3-binding to the 

bacterial surface was measured by an independent flow cytometry-based assay. In accordance with 

the previous results, human and gorilla CEACAM3 were able to interact with N. gonorrhoeae Opa52, 

while only hu-gorilla, but not gorilla CEACAM3 was able to interact with H. aegyptius OMP P1 with an 

efficiency comparable to the human ortholog (Figure III-3 F). To further narrow down the critical 

residue(s) within the HLF-motif, we reverted single residues in the HLF triplett of hu-gorilla CEACAM3 

back to the gorilla sequence and created hu-gorilla CEACAM3 NLF, CEACAM3 HRF, and CEACAM3 HLI 

(Figure III-3 G). Analysis of their binding to OMP P1 revealed that only the hu-gorilla CEACAM3 HLI, 

lacking the phenylalanine residue F29, was unable to interact with the OMP P1 adhesin, while retaining 

its affinity for Opa52 (Figure III-3 H, I). These results demonstrate that within a three amino acid motif 

found in human and chimpanzee CEACAM3 IgV-like domain a single amino acid residue, F29, which 

generates a hydrophobic notch on the CC’FG-face, is responsible for the remarkable specificity for 

selected pathogen adhesins. It is highly suggestive that this minor sequence change represents an 

evolutionary adaptation that allows CEACAM3-mediated recognition and internalization of H. 

aegyptius. 
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Figure III-3: Minor sequence alterations in CEACAM3 allow recognition of H.aegyptius OMP P1 adhesin 
A: Amino acid sequence alignment of the IgV-like domain of human, chimpanzee and gorilla CEACAM3 orthologs. Areas highlighted 
by a horizontal bar indicate the β-strands A - G of the IgV-like fold. A grey box marks an amino acid triplet that is identical in human 
and chimpanzee, but distinct in gorilla CEACAM3. B: 3D-model of human and gorilla CEACAM3 IgV-like domain based on CEACAM3 
crystal structure (6AW1). Domain orientation and detail area are indicated (left). The respective HLF and NRI amino acid triplet is 
colorized for human, gorilla, and humanized gorilla CEACAM3 IgV-like domain (hu-gorilla), in which the NRI-triplet was replaced by 
HLF (center). Surface charge (red (-), blue (+)) and hydrophobicity (yellow) mapping is marked separately (right). C: 3D-model as in 
B) of the other side on the Ig-fold, with the CC’FG-face to the front. D: GFP-tagged N-terminal domains of human, gorilla and hu-
gorilla CEACAM3 were generated as secreted proteins in 293T cells. Equivalent amounts of soluble proteins in the employed 
supernatants were verified by immunoblotting analysis. E, F: Supernatants containing the indicated CEACAM3 variants were 
incubated with E. coli expressing N. gonorrohoeae Opa52, H. aegyptius OMP P1 or no additional adhesin. CEACAM3 binding was  
determined via bacterial-pulldown and immunoblotting analysis (E) or flow cytometry (F). G: GFP-tagged N-terminal  domains of  
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gorilla CEACAM3 (NRI) and hu-gorilla CEACAM3 HLF, NLF, HRF or HLI were generated and equivalent amounts of soluble 
protein in the supernatants were verified by immunoblotting. H, I: Supernatants containing the indicated CEACAM3 
variants were incubated with E. coli expressing N. gonorrhoeae Opa52, H. aegyptius OMP P1, or no additional adhesin. 
CEACAM3 binding was determined via bacterial-pulldown assays and immunoblotting analysis (H) or flow cytometry (I). 

The CC’FG-cleft architecture determines species-specific CEACAM3 binding and pathogen 

internalization 

To test the functional significance of HLF-motif-mediated binding to OMP P1 of H. aegyptius in a 

cellular context, we expressed GFP-tagged human, gorilla or hu-gorilla CEACAM3 or GFP alone in 293 

cells. The cells were then infected for 1 h with Neisseria gonorrhoeae expressing Opa52 (Figure III-4 A) 

or Haemophilus aegyptius (Figure III-4 B). Remarkably, differential staining of total and extracellular 

bacteria unveiled numerous intracellular gonococci in all cells expressing CEACAM3, irrespective of the 

species origin of the receptor (Figure III-4 A). These results were in line with the observed receptor 

binding pattern and indicated that gorilla CEACAM3 is functional in mediating internalization of Opa 

adhesin-expressing bacteria. When the same set of transfected cells was infected with OMP P1 bearing 

H. aegyptius, gorilla CEACAM3 did not promote uptake of H. aegyptius, while cells expressing the 

human or the humanized gorilla CEACAM3 protein readily internalized this pathogen (Figure III-4 B). 

Equivalent receptor expression levels were verified by Western blotting (Figure III-4 C). To evaluate the 

extent of functional restoration by this three amino acid exchange, we infected cells expressing the 

different CEACAM3 variants and infected them for 1 h with E. coli expressing H. aegyptius OMP P1 or 

control E. coli. Internalized bacteria were quantified by gentamicin protection assays (Figure III-4 D). In 

line with our previous results, E. coli expressing OMP P1 could not be internalized by gorilla CEACAM3, 

while expression of hu-gorilla CEACAM3 promoted bacterial internalization as efficient as the human 

CEACAM3 orthologue (Figure III-4 D). These results in 293T cells could be confirmed in neutrophil-like 

HL60 cells that were stably transduced to express either human, gorilla, or hu-gorilla CEACAM3 fused 

to mKate2. CEACAM3-mKate expression in the derived clonal cell lines was verified by immunoblotting 

with a mKate specific antibody as well as via flow cytometric analysis (Figure III-4 E). As expected, an 

enhanced internalization of N. gonorrhoeae could be detected in HL60 cells expressing human, gorilla, 

or hu-gorilla CEACAM3 demonstrating the functionality of all receptor constructs. In contrast, 

enhanced internalization of H. aegyptius could only be observed in human or hu-gorilla CEACAM3 

expressing HL60 cells, but not in cells expressing the gorilla variant (Figure III-4 F). No internalization 

could be observed for H. influenzae by any of the CEACAM3-expressing HL60 lines demonstrating that 

CEACAM1 does not contribute to the observed uptake (Figure III-4 F). Together, these data 

demonstrate that the gorilla as well as the human variant mediate pathogen internalization. However, 

due to the absence of the hydrophobic notch provided by F29, the gorilla orthologue is unable to 

internalize H. aegyptius. Humanization of amino acids in the gorilla variant permits efficient H. 
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aegyptius binding and restores pathogen internalization. These findings further support the notion 

that CEACAM3 sequence alterations are evolutionary adaptations that enable granulocytes to respond 

to particular pathogens that would otherwise escape this innate immune surveillance. 
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Figure III-4: The CC’FG-cleft architecture determines species-specific CEACAM3 binding and pathogen internalization 
A, B: 293T cells were transfected with GFP or the indicated CEACAM3-GFP variants (green) and infected for 1 h at MOI 40 
with biotin- and rhodamine-labeled bacteria (red) either Opa52 expressing N. gonorrhoeae (A) or H. aegyptius (B). Fixed 
samples were stained with Cy5-streptavidin (blue) to label extracellular bacteria. White arrowheads point to internalized 
bacteria. Scale bars 10 µm. C: Equivalent expression of CEACAM3 variants was verified by Western blotting of whole cell 
lysates (WCL) with a GFP antibody (upper panel), similar amounts of loaded lysates were controlled with a tubulin antibody 
(lower panel). D: Transfected cells as in A) were infected for 1 h at MOI of 100 with E. coli or E. coli-expressing OMP P1. 
The amount of internalized bacteria was subsequently evaluated by gentamicin protection assay. Bars represent means ± 
SEM from three independent experiments done in triplicate. n.s. – not significant; ** p<0.01. E: Parental HL60 cells (wt) 
or HL60 cells stably expressing the indicated CEACAM3-mKate2 fusion proteins were lysed and expression of human, 
gorilla, and hu-gorilla CEACAM3-mKate was analysed after bacterial pull-down by immunoblotting with α-mKate 
antibodies (upper). Flow cytometric analysis of mKate2 fluorescence in HL60 cells (lower). F: HL60 cells were infected for 
15 min with fluorescein-labeled N. gonorrhoeae Opa52 or fluorescein-labeled, non-opaque N. gonorrhoeae (Opa-), H. 
influenzae, or H. aegyptius. Fluorescein signals derived from extracellular bacteria were quenched by trypan blue. Signals 
from phagocytosed bacteria were detected by flow cytometry. 

Pathogen adhesins discriminate between CEACAM3 and CEACAM1 based on specific 

sequence motifs 

If human CEACAM3 rapidly evolves to enable the elimination of various host-restricted bacterial 

pathogens via phagocytosis, then the adhesins on the bacterial side should also evolve to evade 

CEACAM3-dependent detection, while retaining binding to epithelial CEACAMs, such as CEACAM1, for 

efficient host colonization. Accordingly, we screened Opa adhesins and OMP P1 adhesins of different 

N. gonorrhoeae and H. influenzae isolates for their ability to bind CEACAM1 versus CEACAM3. Analysis 

of individual Opa or OMP P1 proteins showed that some adhesins (Opa52, Opa70, Opa72, OMP P1Hae) 

associated with both CEACAM1 and CEACAM3, while a larger fraction of the adhesins (Opa65, Opa73, 

Opa74, Opa75, OMP P1Hinf) exclusively bound to CEACAM1 (CEACAM1-optimized adhesins; 

Figure III-5 A). No adhesins were detected, which associated with CEACAM3, but not CEACAM1. These 

binding assays were corroborated by FACS-based analysis, which confirmed that most tested CEACAM-

binding adhesins are optimized for CEACAM1 association, while evading detection by CEACAM3 

(Figure III-5 B). Amino acid sequence comparison between human CEACAM3 and CEACAM1 indicated 

a limited set of amino acid changes that could form the basis for selective CEACAM1 binding 

(Figure III-5 C). We focused on six individual amino acid motifs, based on their predicted positions in 

the Ig-fold, and mutated these residues in CEACAM3 either individually or in combination 

(Figure III-5 C). While all CEACAM3 variants were able to recognize neisserial Opa52 and H. aegyptius 

OMP P1, the CEACAM1-optimized OMP P1 of H. influenzae exclusively bound to CEACAM1 and to the 

CEACAM3 variant, which combined all six mutated locations (Figure III-5 D, E and Figure III-S2 A). 

Binding of OMP P1Hinf was not observed for variants lacking the V49A and T69P mutation 

(Figure III-5 D, E and Figure III-S2 B). For CEACAM1-optimized neisserial Opa-proteins the observed 

binding pattern was more complex. Interaction with Opa65 could be re-established by simultaneous 

mutation of the RQ-site together with the Q-, PaN-, or T-site. Mutation of the CEACAM3-RQ site alone 

was not sufficient to permit association with Opa65, illustrating the synergistic nature of these binding 
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interactions. While the CEACAM3 Q-RQ-PaN-T variant was either incapable of mediating interaction 

with CEACAM1-optimized adhesins (Opa73, Opa74, Opa75) or mediated only weak interaction (Opa65), 

the additional mutation of V49A and T69P strongly promoted the binding to the bacterial adhesins 

(Figure III-6 E). These findings illustrate the fine tuning of CEACAM3 binding to particular bacterial 

adhesins by single amino acid changes. From our results we would predict that polymorphisms at the 

CEACAM3 locus might promote binding to microbes, which otherwise evade detection by the common 

CEACAM3 allele. This would further point to pathogenic bacteria as the driving force behind the 

accelerated evolution of CEACAM3.  
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Figure III-5: Pathogen adhesins discriminate between CEACAM3 and CEACAM1 based on specific sequence motifs 
A, B: Soluble GFP-tagged CEACAM3 or GFP-CEACAM1 were incubated with E. coli expressing the individual Opa-variants 
derived from N. gonorrhoeae strains MS11 or VP1 or with OMP P1 derived from H. influenzae (Hinf) or H. aegyptius (Hae). 
CEACAM binding was determined via bacterial-pulldown and subsequent immunoblotting analysis with α-GFP antibodies (A) 
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Human CEACAM3 polymorphisms broaden the spectrum of recognized adhesins 

Whole genome sequencing has uncovered numerous single nucleotide polymorphisms (SNPs) in the 

human population, which can result in missense mutations. We speculated that affected CEACAM3 

alleles could have a functional role in broadening the spectrum of CEACAM3-regonized adhesins. 

Indeed, four SNPs are present in the CEACAM3 IgV-like domain coding region with each of those 

sequence variants occuring in about 10% of the human population (9.9% (S43R), 9.9% (L44Q), 10.4% 

(V49A) and 10.8% (T69P); 2543 individual genotypes; Ensembl Database 2018) (Figure III-6 A). 

Remarkably, these SNPs not only convert the amino acids at these positions to the corresponding 

CEACAM1 sequence, but they occur at exactly those sites, which appeared to be highly relevant for 

adhesin-CEACAM selectivity (see Figure III-5 D, E). All of these SNPs are strongly enriched in Africa and 

are present there in 35.1% (S43R), 35.1% (L44Q), 37.4% (V49A) and 38.1% (T69P) of individuals 

(Figure III-6 A and Figure III-S3). Closer inspection of the distribution of these SNPs revealed that they, 

almost exclusively, co-occur in the same individuals as they are presumably present in the same allele 

(Figure III-6 B). Moreover, the loci show extended haplotype homozygosity as evaluated with the 

hapbin program, where an integrated haplotype score (|iHS|) of >2 is indicative of recent selection 

(Voight et al., 2006; Maclean et al., 2015). The fact that an |iHS| >2 for these four SNPs is found only 

in several African populations, including the Esan in Nigeria, the Luhya in Kenya, and Yoruba in Nigeria, 

as well as people with African Ancestry from Southwest America or the Carribean (total of 463 

genomes analysed), indicates a puzzling regional selection on CEACAM3. As R43, Q44, and A49 also 

contributed to enhanced recognition of CEACAM1-optimized Opa-proteins by CEACAM3 (see 

Figure III-5 D, E), we directly assessed the functional relevance of these naturally occuring CEACAM3 

variants. GFP-fusion proteins of CEACAM3-IgV variants reflecting either the common allele or the SNP-

based variants were compared to CEACAM1-IgV for their binding to different pathogen adhesins. As 

before, CEACAM1 and CEACAM3 as well as all SNP-based variants of CEACAM3 efficiently interacted 

with Opa52 and OMP P1Hae (Figure III-6 C). Strikingly, already the V49A substitution in CEACAM3 was 

sufficient to permit interaction with all tested CEACAM1-optimized Opa-proteins (Figure III-6 C). 

Furthermore, the combination of A49 with R43/Q44 allowed CEACAM3 to also bind to OMP P1 of 

H. influenzae, a pathogen not recognized by the common allele of CEACAM3 (Figure III-6 D). The 

differences in binding of CEACAM3 variants to Opa and OMP P1 adhesins were even more obvious in 

the FACS-based evaluation, where the combination of the R43, Q44, and A49 polymorphisms 

transformed the non-binding common allele of CEACAM3 to a strong binder for OMP P1Hinf 

or analysis of GFP fluorescence via flow cytometry (B). C: Amino acid sequence alignment of the IgV-like domains of CEACAM3 
and CEACAM1. Areas highlighted by a horizontal bar indicate the β-strands A - G of the IgV-like fold. In a step-wise fashion, 
the indicated 1 – 8 amino acid changes are introduced into CEACAM3 to emulate CEACAM1. D, E: Soluble GFP-tagged 
CEACAM3 variants described in (C) were incubated with E. coli expressing the indicated adhesins. CEACAM binding was 
determined via bacterial-pulldown and subsequent immunoblotting (D) or by flow cytometry (E). See also Figure S2. 
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(Figure III-6 E and Figure III-S3 B and III-S3 C). 3D-modeling of the various CEACAM3 IgV-like domains 

showed that the S43R, L44Q, and V49A residues are positioned at the CC’FG-face, while the T69P 

substitution is placed on the opposite face of the IgV-like domain explaining the lack of a major 

contribution from the T69P polymorphism (Figure III-6 F).Together, these results demonstrate that 

CEACAM3 alleles in the human population reflect the molecular adaptations and counter adaptations 

of functionally connected host and pathogen proteins, and provide an example for a Red Queen 

scenario embedded in the human genome. 
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Figure III-6: Human CEACAM3 polymorphisms broaden the spectrum of recognized adhesins 
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A: CEACAM3 variant genotype abundance in 2543 individual genotypes from the Ensembl Database 2018. The SNPs are 
found in 9.9% (S43R), 9.9% (L44Q), 10.4% (V49A) and 10.8% (T69P) of all individuals (left) and are more abundant in African 
populations at 35.1% (S43R), 35.1% (L44Q), 37.4% (V49A) and 38.1% (T69P) (right). Homozygotes (darker shade) and 
heterozygotes (lighter shade) for the minor variant are colorized. B: Venn-diagram depicting the coupled occurrence of 
the four most common missense SNPs in the human CEACAM3-protein. Total number of individuals is noted within the 
respective area. C, D, E: Soluble CEACAM3-GFP variants as indicated were incubated with E. coli expressing different Opa 
or OMP P1 adhesins. CEACAM3 binding to bacteria was determined via bacterial pulldown and immunoblotting (C, D) or 
by flow cytometry (E). See also Figure S2. F: 3D-model of human CEACAM3 IgV-like domain based on CEACAM3 crystal 
structure (6AW1). For each panel, Ig-domain orientation and zoom is indicated (upper left), depicting the CC’FG-face (blue) 
and the ABDE-face (red). Relevant regions on CEACAM3 (WT; upper), CEACAM1 (middle) and CEACAM3 SL43/44RQ V49A 
T69P variant (lower) are colored: Amino acid 43 (blue), 44 (violet), 49 (orange) and 69 (green). Surface charge (red (-), blue 
(+)) and hydrophobicity (yellow) mapping is marked separately (right). See also Figure S3. 
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DISCUSSION 

Innate immune receptors act as sensors and a first line of defense against pathogens. Several pattern-

recognition-receptor families such as TLRs, NOD-like receptors, and RIG-like receptors are directed 

against broadly conserved microbial structures and are mainly under purifying selection in primates 

(Kimbrell and Beutler, 2001; Mukherjee et al., 2014; Barreiro et al., 2009; Vasseur et al., 2011). In 

contrast, the innate immune receptor CEACAM3, which recognizes adhesins expressed by a group of 

human-restricted bacterial pathogens, emerges as one of the fastest evolving human genes. 

Interestingly, CEACAM3 appears as a rather recently evolved CEACAM family member, as bona fide 

CEACAM3 orthologues could not be detected in the genomes of lemurs and New World monkeys. All 

orthologues CEACAM3 genes identified occupy the syntenic locus, share the same exon – intron 

structure, encode a similar sized protein and harbor the YxxL --- YxxM HemITAM signature, which is 

critical for CEACAM3 function and discriminates CEACAM3 from other ITAM-encoding CEACAM family 

members (Delgado Tascon et al., 2015; Schmitter et al., 2007a; Schmitter et al., 2007b; Buntru et al., 

2011; Pils et al., 2012; Buntru et al., 2012; Kopp et al., 2012; Bond et al., 2015) . Therefore, our findings 

suggest that CEACAM3 appeared as a novel family member around 35 million years ago when Old 

World monkeys branched off the other siminiformes (Bond et al., 2015).  

The appearance of novel genes has occurred multiple times in the CEACAM family, as this group of 

immunoglobulin-related proteins has a distinct assortment of membrane receptors in each 

mammalian lineage (Kammerer and Zimmermann, 2010; Delgado Tascon et al., 2015; Bond et al., 

2015; Kopp et al., 2012). It has been noted earlier that, similar to the situation in primates, expansion 

of CEACAMs in marsupials, bats and carnivores resulted in the occurance of paired receptors, which 

have similar extracellular domains, but encode either immunoreceptor tyrosine-based inhibitory 

motifs (ITIMs) or activatory motifs (ITAMs) in their cytoplasmic part (Delgado Tascon et al., 2015; Kopp 

et al., 2012; Bond et al., 2015). This phenomenon has been explained by the role CEACAMs could play 

in immunoregulation and by pathogen driven selection, but direct evidence for the latter has been 

lacking. Clearly, epithelial CEACAMs serve as a mucosal docking site for viruses and bacteria, providing 

a plausible explanation for their rapid diversification in mammals. For example, epithelial CEACAMs 

are exploited by several potentially deadly microbes such as meningococci and H. influenzae, which 

can cause bacterial meningitis (Wenger et al., 1990). Moreover, gonococci, one of the most common 

sexually transmitted bacterial pathogens and the causative agent of gonorrhea, have led to neonatal 

blindness and infertility in a pre-antibiotic world (Laga et al., 1989; Cates et al., 1990). At the moment, 

we can only speculate about the selective forces behind the appearance of CEACAM3 within the 

primate lineage. However, fatal bacterial infections (meningitis) as well as reduced reproduction 
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resulting from venereal diseases (gonorrhea) are strong selective pressures, which could favor the 

development of a germ line encoded innate immune receptor. 

Pathogenic Neisseriae (the gonococcus N. gonorrhoeae and the meningococcus N. meningitidis) as well 

as Haemophilus influenzae, are specialized pathogens strictly adapted to their human host. Indeed, 

while they can infect apes and have occasionally been isolated from captive chimpanzees or gorillas 

(Mugisha et al., 2014), they are considered to be naturally restricted to humans. It is in line with the 

idea that CEACAM3 targets host-restricted bacteria, that human, but not monkey CEACAM3 can bind 

at least a portion of these human-adapted pathogens. To investigate, if CEACAM3 orthologues in 

primates other than man play a similar role in defense against specialized bacterial pathogens, one 

would need to study pathogenic bacteria isolated from wild chimpanzees, gorillas or rhesus monkeys. 

However, there is little knowledge about host-restricted bacteria in apes and higher monkeys, and 

bacterial isolates from these endangered species are not available in common strain repositories. 

Moreover, focused searches for several important sexually transmitted microbes in wild chimps and 

gorillas have failed to detect bacterial pathogens known from the human genital tract such as 

Chlamydia spp. or Treponema pallidum (Rushmore et al., 2017). Therefore, only detailed microbiome 

analysis and isolation of bacteria from wild apes will provide the appropriate starting point to test, if 

primate CEACAM3 orthologues are better in recognizing strains derived from the autochthonous 

microbial flora of the respective apes.  

As CEACAM-binding pathogens exploit epithelial members of the CEACAM family, such as CEACAM1 

and CEA, to facilitate colonization of host mucosal surfaces (Muenzner et al., 2010), binding to these 

epithelial CEACAMs should be favored. On the other hand, avoidance of recognition by CEACAM3 

allows evasion of opsonin-independent phagocytosis mediated by this granulocyte receptor. In line 

with this idea, our detailed analysis of numerous pathogen adhesins detects a clear bias of CEACAM1 

versus CEACAM3-binding in Opa and OMP P1 adhesins and confirms earlier studies (Roth et al., 2013; 

Sintsova et al., 2015). A strong indication that CEACAM3-based detection is to the disadvantage of the 

pathogen is the fact that selective CEACAM3-binding adhesins, which lack binding to the epithelial 

CEACAMs such as CEACAM1 or CEA, do not seem to exist. To identify the molecular determinants that 

allow pathogens to discriminate between CEACAM1 and CEACAM3, we converted the amino acid 

sequence of the CEACAM3 IgV-like domain in a stepwise fashion to reflect the CEACAM1 primary 

structure. This extensive mutagenesis approach revealed a minimal set of three amino acid changes 

on the CC’FG-face of the IgV-like domain (S43R, L44Q and V49A), which dramatically broaden the 

binding spectrum of CEACAM3 to not only recognize CEACAM1-optimized neisserial Opa proteins, but  
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also to detect the OMP P1 adhesin of H. influenzae (Figure III-7). Strikingly, all three amino acid 

alterations are also carried by polymorphic human CEACAM3 alleles, which show signatures of positive 

selection in African populations. These findings are in line with the idea that CEACAM3 polymorphisms 

could provide a selective advantage, by controlling a wider range of CEACAM-binding pathogens, and 

that this positive selection could form the basis for the rapid evolutionary divergence of CEACAM3 

seen in different primate species. 

 

Figure III-7: Recognition of Haemophilus aegyptius and Haemophilus influenzae by CEACAM3 variants  
(upper): The IgV-like domain of CEACAM3 variants identified in baboon, gorilla and rhesus monkey are unable to recognize 
the OMP P1 adhesin of Haemophilus aegyptius, while chimpanzee and human CEACAM3 binds to OMP P1-expressing 
Haemophilus aegyptius. This difference in binding affinity is based on a phenylalanine residue at position 28 in the human and 
chimpanzee variant. (lower): While the major human CEACAM3 allele lacks binding affinity to the OMP P1 adhesin of 
Haemophilus influenzae an allele variant, frequently found in African-ancestry populations, is able to mediate this interaction 
based on three amino acid exchanges. 
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Recent crystallographic studies have revealed the binding mode of another CEACAM-specific adhesin, 

the HopQ protein of Helicobacter pylori. This adhesin also mediates a direct protein-protein interaction 

with the CC’FG face of the CEACAM IgV-like domain, where it covers a large surface area (Bonsor et al., 

2018; Moonens et al., 2018). In contrast to the CEACAM1-optimized neisserial Opa proteins and the 

OMP P1Hinf, HopQ exhibits increased affinity for V49 (as found in the common allele of CEACAM3) 

compared to A49, as it is found in CEACAM1 (Moonens et al., 2018). Therefore, the same amino acid 

change from V49 to A49, which is instrumental to allow CEACAM3-mediated recognition of several 

Opa-proteins of N. gonorrhoeae and of H. influenzae OMP P1, might come at the cost of reducing 

affinity for Helicobacter HopQ. In the long run, the multivariate selection pressure exerted on 

CEACAM3 by different pathogens and their CEACAM-binding adhesins could lead to balancing 

selection, which maintains distinct alleles in the population. Based on prevalence and severity of the 

corresponding infectious diseases, the allele frequencies in a given population could differ, with 

heterozygotes able to efficiently recognize a broader range of bacterial pathogens via granulocyte-

expressed CEACAM3. 

Accordingly, combining the common CEACAM3 allele with a second CEACAM3 allele, which at three 

positions mimics the CEACAM1 sequence and which occurs in about a third of the African population, 

could eliminate a blind spot in innate immune protection against CEACAM-binding microbes and could 

afford an advantage for people heterozygous at the CEACAM3 locus. 

Together, our study uncovers a hitherto underappreciated immune receptor, CEACAM3, as one of the 

most rapidly evolving human genes. Amino acid alterations in this receptor are the basis for recognizing 

a structurally diverse set of adhesins from gram-negative, human-restricted bacteria. Importantly, 

CEACAM3 polymorphisms occurring in the human population expand the repertoire of recognized 

pathogen adhesins suggesting an ongoing arms race in line with the Red-Queen hypothesis. 
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METHODS 

EXPERIMENTAL MODEL AND SUBJECT DETAILS  

Cell lines and cell culture 

Human embryonic kidney 293T cells (293T cells) were originally obtained from the German collection 

of microorganisms and cell cultures, DSMZ, Braunschweig, Germany (cell line number ACC-635). The 

cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% calf serum and 

used between passages 15 and 35. The cell line was not further authenticated. HL60 cells were 

originally obtained from the American Type Culture Collection, ATCC, Manassas, VA (cell line number 

CCL-240). The cells were maintained in RPMI 1640 supplemented with 10% fetal calf serum and used 

between passages 10 and 30. The cell line was not further authenticated. 

Bacterial strains and growth conditions 

Non-piliated N.gonorrhoeae MS11-B2.1 strains expressing Opa52(strain N309) or no Opa proteins 

(strain N302) were described previously (Schmitter et al., 2004). Bacteria were grown at 37°C, 5% CO2 

on GC-Agar (Gibco BRL, Praisley, UK) supplemented with GC-Vitamin mix(1:100) and appropriate 

antibiotics. GC-vitamin mix is prepared by solubilizing 20 g glucose, 2 g glutamine, 5.2 g L-cysteine, 20 

mg Cocarboxylase, 50 mg Nicotinamide adenine dinucleotide (NAD), 4 mg Fe(NO3)3, 30 mg arginine, 

0.6 mg vitamin B1, 2 mg vitamin B12, 2.6 mg p-aminobenzoic acid, 220 mg cystine, 200 mg adenine, 

100 mg uracil, 6 mg guanine in 200 ml H2O, pH adjusted to pH 7 with HCl. Haemophilus influenzae RD 

KW20 obtained from J.Reidl (Karl-Franzens University, Graz, Austria) and Haemophilus aegyptius 

ATCC11116 (DSMZ-German Collection of Microorganisms and Cell Cultures) were grown on brain-

heart infusion agar supplemented with Levinthal base (Tchoupa et al., 2015). Levinthal base was 

produced by adding 25 ml defibrillated horse blood to 250 ml autoclaved Brain Hearth Infusion-

medium (BHI) at ~60°C for 5 min and cooling to RT for 1 h. Levinthal base was cleared by centrifugation 

for 45 min at 4°C, 16,000 rpm and supplemented with sterile filtered 100 µg/ml NAD. E. coli strains 

expressing neisserial Opa proteins or Haemophilus OMP P1 have been used previously [12, 27, 57]. 

The UspA1 coding sequence was amplified from chromosomal DNA of M. catarrhalis (strain 

ATCC25238) using primers 5’ GCGCGCGCCCATGGATGAACAAAATTTATAAAGTGAAGAAAAATGCCGCAGGTC 3’ 

and 5’ CGCCCTCGAGCTATTTCCAGCGGTAACTGC 3’. The cDNA was inserted via NcoI / XhoI (restriction sites 

in primers underlined) into pET-28a (Novagen, Madison, Wisconsin). The pET28a vector encoding 

UspA1 was transformed in E. coli Rosetta(DE3) (Novagen, Madison, Wisconsin). Expression of Opa 

proteins, OMP P1Hae, OMP P1Hinf or UspA1 in E. coli Rosetta(DE3) was induced by 1 mM Isopropyl β-D-
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1-thiogalactopyranoside (IPTG) for 3 h. All E. coli strains were cultured at 37°C in Lysogeny Broth (LB) 

supplemented with appropriate antibiotics. 

METHOD DETAILS 

Recombinant DNA 

The pDNR-Dual LIC vector was created by modification of the pDNR-Dual vector (Clontech) by replacing 

the multiple cloning site with a corresponding LIC-site (primers 

5’ TCGACTCCTCCCCCGGGTTAGTGGGGCC 3’ and 5’ CCACTAACCCGGGGGAGGAG 3’) via ApaI/SalI. The 

pLL3.7 LIC mKate2 vector was created by modification of pLL3.7 (Addgene #11795) by replacing the 

multiple cloning site with a corresponding LIC-site (primers 

5’ CTAGCGACTCTCCCCCGGGTTAGTGGGGCA 3’ and 5’ CCGGTGCCCCACTAACCCGGGGGAGAGTCG 3’) 

via NheI/AgeI. The CEACAM3 IgV-like domain of Pan troglodytes, Gorilla gorilla, Macaca mulatta and 

Papio anubis were custom synthesized (Eurofins Scientific) based on published sequences (see 

Table III-S1). The coding sequences were amplified using species-specific primers (see Table III-S2). The 

CEACAM coding sequence was inserted via Ligation-Independent-Cloning (LIC) into pDNR-Dual LIC. The 

cDNAs were subsequently transferred to pLPS3’EGFP by Cre-mediated recombination to yield primate-

CEACAM3-NT-EGFP. Alterations in human or gorilla CEACAM3s were introduced by Splicing by 

Overlapping Extension (SOEing) PCR using universal LIC-based CEACAM3 IgV- forward and reverse 

primer together with a mutation specific primer set (see Table III-S2). After SOEingPCR transfer into 

pLPS3’EGFP from pDNR-Dual LIC was performed as described above. Gorilla and hu-gorilla full length 

receptors were produced by SOEingPCR combining gorilla/hu-gorilla IgV-like domains and human 

CEACAM3 C-terminal domain that is identical to the gorilla WT receptor on the amino acid level (see 

Table S2). After SOEingPCR, cDNA was transferred via LIC into either pDNR-Dual LIC and subsequently 

into pLPS3’EGFP or into pLL3.7 mKate2-LIC to create primate-CEACAM3-mKate2. 

Transfection of 293T cells 

Transfection of 293T cells with pLPS3’EGFP primate CEACAM3 was performed by calcium phosphate 

co-precipitation using 5 µg of plasmid DNA for each 10-cm culture dish at ~20% confluence. 

Transfection solution was produced by adding 5 µg of plasmid DNA to 500 µl H2O before adding 500 µl 

2x HBS buffer (274 mM NaCl, 42 mM HEPES, 1.4 mM Na2HPO4, pH 7.05) and 50 µl 2.5 M CaCl2 

Lentivirus production and generation of stable cell lines 

293T cells were transfected with 7 µg pMD2.G, 10 µg psPAX2 and 13 µg pLL3.7 (harboring the 

corresponding mKate2-tagged primate CEACAM3 construct) by calcium-phosphate co-precipitation. 

After 72 h the virus-containing supernatant was cleared by centrifugation and sterile filtered with a 
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0.45 µm syringe filter. Spinfection was performed on batches of 1x106 HL60 cells in 1 ml culture 

medium by addition of 1 ml virus containing supernatant with 8 µg/ml hexadimethrine bromide and 

subsequent centrifugation at 800 xg for 1 h at RT. Positive clonal cell lines were obtained after flow 

cytometric single cell sorting of cells showing expression of the red fluorescent protein mKate2. 

Binding assay with soluble CEACAMs 

Soluble recombinant GFP-tagged CEACAM-IgV were produced in HEK293T cells. 24 h after transfection, 

culture medium was replaced by OptiMEM (Gibco BRL). Culture supernatants were collected 4 days 

after transfection and purified from cell debris by centrifugation (2500 xg, 4°C, 10 min). Supernatants 

were adjusted to equal levels of soluble CEACAMs and monomeric CEACAM-GFP fusion proteins were 

clustered with polyclonal anti-GFP antibodies (tag-tools GmbH, Konstanz, Germany) overnight at 4°C. 

Then 1x108 bacteria were incubated with 1 ml supernatant containing the indicated GFP-fusion 

proteins for 1 h at 37°C under gentle rotation. Next, bacteria were washed twice with 1x phosphate-

buffered saline (PBS) and samples were processed for either immunoblotting analysis with GFP 

antibodies or flow cytometry to detect bacteria-associated fluorescence. 

Gentamicin protection assay 

One day after transfection, 293T cells were seeded in individual wells of 24-well plates (5x105 

cells/well) coated with gelatine. Next day, cells were infected with E. coli or E. coli expressing Omp 

P1Hae at a multiplicity of infection (MOI) of 100. 2 h after infection, extracellular bacteria were killed by 

1 h incubation with 100 µg/ml gentamicin in cell culture medium. Internalized bacteria were released 

by cell lysis with 0.5% (w/v) saponin in PBS for 15 min and viable bacteria were enumerated after 

plating in suitable dilutions. For each sample three technical replicates were enumerated. Statistical 

evaluation of three independent experiments was performed via two-tailed t-test. 
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Analysis of bacterial invasion by flow cytometry 

Prior to infection, bacteria were suspended in 1 ml PBS, 2 µg carboxyfluorescein-succinimidylester 

(CFSE) was added and bacteria were labeled for 20 min, at 37°C under constant shaking. The residual 

staining solution was removed by centrifugation (5000 rpm, 5 min) and three times washing with PBS. 

1x106 HL60 cells were suspended in 1 ml phagocytosis buffer (PBS, 0.9 mM CaCl2, 0.5 mM MgCl2, 5 mM 

glucose, 1% heat inactivated fetal calf serum) and infected with fluorescein-labelled bacteria for 15 

min at 37°C under gentle rotation. Infection was stopped by washing once with ice cold PBS. By 

addition of trypan blue to a final concentration of 0.2 mg/ml intracellular bacteria were selectively 

measured by quenching extracellular fluorescein-signal (Pils et al., 2006). Raw data were processed 

with FlowJo 

Immunofluorescence staining for confocal microscopy 

One day after transfection, 293T cells (4 x 104 cells/well) were seeded on gelatin-coated glass coverslips 

in 24-well plates and cultured for one day. Prior to infection, bacteria were labelled with biotin- and 

rhodamine-succinimidyl ester (Sulfo-NHS-SS-Biotin / TAMRA-SE) as described above. Cells were 

infected for 1 h at 37°C at a MOI of 30. After infection, the cells were fixed for 20 min in 3% 

paraformaldehyde in PBS at RT and subsequently washed three times with PBS. Extracellular bacteria 

were stained with streptavidin-Cy5. As a result, extracellular bacteria were marked by both rhodamine 

and Cy5, while intracellular bacteria were only stained with Cy5. 

Immunoblotting and antibodies 

Westernblot was performed as described earlier (Hauck et al., 2001) using a monoclonal antibody 

(mAB) against GFP (clone JL-8, Clonetech, Palo Alto, CA), mAB against tubulin (clone E7; DSHB, 

University of Iowa), and polyclonal antibodies against mKate2 produced in the local animal facility at 

the University of Konstanz. All peroxidase and fluorescence-labeled secondary antibodies were 

purchased from Jackson ImmunoResearch (West Grove, PA). 
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Identification of primate CEACAM3 orthologues 

Bioinformatic identification of primate CEACAM3 orthologues was performed by alignment of the 

human CEACAM3 protein sequence with genomes listed in Table III-S3 using NCBI BLAST. Matching 

regions were sorted based on their genomic positions and subsequently aligned to the human 

CEACAM3 gene sequence to allow mapping of intron-exon boundaries. By taking into account overall 

domain structure, domain order, exon length and intron length, this procedure permits reliable 

differentiation between human CEACAM-family members and is therefore also able to prevent 

misidentification of other primate CEACAMs. Genomes containing all human CEACAM3 derived exons 

in the correct order and spacing as well as encoding a protein with a cytoplasmic HemITAM motif [23] 

were assumed to encode a CEACAM3 orthologue. Futhermore, for all genomes, where a CEACAM3 

orthologues gene could be identified, we investigated gene synteny of the CEACAM locus and could 

detect the orthologues CEACAM3 gene placed in the same position and identical transcriptional 

orientation relative to the CEACAM1 and CEACAM4 orthologues (Figure III-S1). 

Analysis of human CEACAM3 polymorphisms 

High abundance CEACAM3 polymorphisms were located using the 1000 genomes project browser 

Variation table. We focussed on missense variants encoded by SNPs with a global minor allele 

Frequency >0.05 over all 1000 Genome Phase I populations. Analysis with the 1000 Genome browser 

population genetics module permitted quantification of polymorphism occurrence as well as 

homocygote/heterozygote diversity by continent and continent-derived populations. 

CEACAM enrichment from cell lysates 

To enrich Opa52 binding CEACAMs from HL60 cell lysates, Neisseria gonorrhoeae expressing Opa52 were 

harvested from an agar plate and resuspended in a fixation solution (4% PFA in PBS) for 20 minutes. 

After three washing steps with PBS, ~2.5 x 109 fixed bacteria were added to 1 ml HL60 cell lysate (~5 x 

107 cells) and rotated at 4°C for 1 h. Neisseria were collected by centrifugation at 5000 rpm for 5 min 

at 4°C and washed twice with PBS.  

Structure modeling of CEACAM3 IgV-like domains  

CEACAM3 protein sequences were modeled on the crystal structure of the N terminal domain of 

human CEACAM3 (6AW1) (Bonsor et al., 2018) utilizing “SWISS MODEL” automated protein structure 

homology-modeling (Peitsch, 1996). Hydrophobicity and charge mapping was performed using a 

previously published YRB-Script (Hagemans et al., 2015).  
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Quantification and statistical analysis 

The internalization of adhesin expressing bacteria by HEK cells expressing was quanitifed by counting 

of colony forming units in three technical replicates. Average-data from three independent 

experiments, each performed in triplicate, were compared using the two-tailed t-test in GraphPad 

Prism 5.0.1. A significance threshold was set at p < 0.05. See figures and figure legends for the statistical 

details. 
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Key resources table 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

 

  

Mouse monocolonal anti-GFP JL-8 BD Biosciences AB_2314359 

HRP-conjugated goat anti-mouse Jackson ImmunoResearch AB_2307392 

Mouse monoclonal anti-tubulin E7 DSHB, University Iowa AB_528499 

Mouse monoclonal anti-pan-CEACAM Aldevron Cat# GM-05-05 

Rabbit polyclonal anti-mKate2 University of Constance N/A 

Mouse monoclonal anti-PTyr PY72 Upstate Biotechnology PY72AB_448291 

Mouse monoclonal anti-Opa 4B12/C11 (Achtman et al., 1988) 4B12/C11 

Rabbit polyclonal anti-GFP-tag  tag-tools  N/A 

HRP-conjugated goat anti-rabbit  Jackson ImmunoResearch AB_2313567 

Streptavidin, Alexa Fluor® 647 conjugate 

antibody 

Thermo Fisher Scientific AB_2336066 

 

Bacterial and Virus Strains 

  

Non-piliated N.gonorrhoeae MS11-B2.1 Opa52 (Makino et al., 1991) N309 

Non-piliated N.gonorrhoeae MS11-B2.1 Opa- (Makino et al., 1991) N302 

Haemophilus influenzae  A.Wright (Tufts University, 

Boston, USA) 

RD KW20 

Haemophilus aegyptius  DSMZ-German Collection of 

Microorganisms and Cell 

Cultures 

ATCC11116 

Escherichia coli pTrc99A Opa52 (Kupsch et al., 1993) N/A 

Escherichia coli Rosetta(DE3) pet28a OMP P1-Hi (Tchoupa et al., 2015) N/A 

Escherichia coli Rosetta(DE3) pet28a OMP P1-

Hae 

(Tchoupa et al., 2015) N/A 

Escherichia coli Rosetta(DE3) pet28a UspA1 This Paper N/A 

Escherichia coli Rosetta(DE3) pet28a Opa65 (Roth et al., 2013) N/A 

Escherichia coli Rosetta(DE3) pet28a Opa67 (Roth et al., 2013) N/A 

Escherichia coli Rosetta(DE3) pet28a Opa68 (Roth et al., 2013) N/A 

Escherichia coli Rosetta(DE3) pet28a Opa69 (Roth et al., 2013) N/A 

Escherichia coli Rosetta(DE3) pet28a Opa70 (Roth et al., 2013) N/A 

Escherichia coli Rosetta(DE3) pet28a Opa71 (Roth et al., 2013) N/A 
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Escherichia coli Rosetta(DE3) pet28a Opa72 (Roth et al., 2013) N/A 

Escherichia coli Rosetta(DE3) pet28a Opa73 (Roth et al., 2013) N/A 

Escherichia coli Rosetta(DE3) pet28a Opa74 (Roth et al., 2013) N/A 

Escherichia coli Rosetta(DE3) pet28a Opa75 (Roth et al., 2013) N/A 

 

Chemicals, Peptides, and Recombinant Proteins 

  

EZ-Link™ Sulfo-NHS-SS-Biotin Thermo Fisher Scientific Cat# 21331 

Trypan blue AppliChem Cat# A0668 

IPTG Roth Cat# 206-703-0 

gentamicinsulfat AppliChem Cat# A1492 

saponin AppliChem Cat# A2542 

Carboxyfluorescein SE (CFSE) Molecular Probes Cat# C1157 

TAMRA-SE Molecular Probes Cat# C1171 

GC-Agar Becton Dickinson Cat# 228950 

BHI-Medium Becton Dickinson Cat# 237500 

Agar AppliChem Cat# A2113 

NcoI-FD Thermo scientific Cat# FD0574 

XhoI-FD Thermo scientific Cat# FD0694 

NheI-FD Thermo scientific Cat# FD0973 

AgeI-FD Thermo scientific Cat# FD1464 

hexadimethrine bromide Sigma-aldrich Cat# 107689 

OptiMEM Gibco  Cat# 11058-021 

DMEM Merck Cat# FG0435 

RPMI Merck Cat# FG1215 

Calf serum Biochrom Cat# S 0125 

Fetal calf serum Biochrom Cat# S 0115 

   

Deposited Data   

Data for primate genome analysis see Table S1   
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SNP: T69P 1000 Genomes Project rs61737014 

http://phase3bro

wser.1000genom

es.org/Homo_sap

iens/Variation/Ex

plore?source=dbS

NP;v=rs61737014

;vdb=variation 

SNP: V49A 1000 Genomes Project rs61737019 

http://phase3bro

wser.1000genom

es.org/Homo_sap

iens/Variation/Ex

plore?source=dbS

NP;v=rs61737019

;vdb=variation 

SNP: S43R 1000 Genomes Project rs61738270 

http://phase3bro

wser.1000genom

es.org/Homo_sap

iens/Variation/Ex

plore?source=dbS

NP;v=rs61738270

;vdb=variation 

SNP: L44Q 1000 Genomes Project rs61738269 

http://phase3bro

wser.1000genom

es.org/Homo_sap

iens/Variation/Ex

plore?source=dbS

NP;v=rs61738269

;vdb=variation 
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Hapbin-dataset Hapbin-dataset *_chr19.bg.gz 

https://datashare

.is.ed.ac.uk/handl

e/10283/714 

   

 

Experimental Models: Cell Lines 

  

HEK293T DSMZ RRID:CVCL_0063 

HL60 DSMZ RRID:CVCL_0002 

HL60 CEACAM3-mKate2 This study  

HL60 CEACAM3-mKate2 Cerulean This study  

HL60 CEACAM3-mKate2 Cerulean sgCerulean This study  

   

Oligonucleotides   

Primers for PCR, see Table S2 This paper  

   

Recombinant DNA   

pDNR-dual Clonetech N/A 

pLPS3’EGFP Clonetech N/A 

pLL3.7 addgene #11795 

   

Software and Algorithms   

Swiss model (Waterhouse et al., 2018) N/A 

SNAP  (Korber et al., 2000) v2.1.1 

Image Lab BioRad 5.2.1 build 11 

YRB-script (Hagemans et al., 2015) DHS065 

FlowJo  FlowJo LLC v10.0.7 
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SUPPLEMENTARY INFORMATION 

Supplementary Figures 

  

 

Figure III-S1: Syntenic relationship of the CEACAM gene locus in higher primates. Related to Figure III-1 
A: Comparative analysis of gene synteny in the CEACAM locus in all species for which a CEACAM3 ortholog was identified. 
Depicted are the CEACAM-encoding loci (colorized) CEACAM8 (C8), CEACAM1 (C1), CEACAM3 (C3), CEACAM6 (C6), 
CEACAM5 (C5), CEACAM7 (C7), CEACAM4 (C4), CEACAM21 (C21) and the Non-CEACAM marker loci (grey) encoding 
lipaseE (LIPE), CD79A and transforming growth factor b1 (TGFB1). Transcriptional gene orientation is indicated by arrowheads. 
All identified CEACAM3 (C3, red) orthologs are located between the syntenic CEACAM6 (C6) and CD79A encoding loci and the 
transcriptional gene orientation of all shown CEACAM family member is conserved within the indicated species.The observed 
synteny supports the proper identification of CEACAM3 orthologs in higher primates. 
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Figure III-S2: Pathogen adhesins discriminate between CEACAM3 and CEACAM1 based on specific sequence motifs. Related 
to Figure III-5 
A/B: Soluble GFP-tagged CEACAM3 variants (described in Figure. 5 C) were incubated with E. coli expressing the indicated 
adhesins originating from N. gonorrhoeae (A), H. influenzae or H. aegyptius (B) respectively. CEACAM binding was determined 
via bacterial-pulldown and subsequent flow cytometry. 
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Figure III-S3: Human CEACAM3 polymorphisms broaden the spectrum of recognized adhesins. Related to Figure III-6 
A: World-scale map. Pie charts indicate the abundance of individuals possessing at least one allele (darker) or no allele (lighter) 
of the minor variant. On a global scale, the CEACAM3 V49A or T69P SNP-containing variants are found nearly exclusively in 
African populations or derived populations (21% allele abundance over all African subpopulations) and are absent from 
sequences of European and Asian populations. B/C: Soluble GFP-tagged CEACAM3 variants (described in Figure III-6 E/F) were 
incubated with E. coli expressing the indicated adhesins originating from N. gonorrhoeae, H. influenzae or H. aegyptius 
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Supplementary Tables 

 

  

respectively. Adressing the effects of the residues V49A and T69P alone (B) or in combination with the SL43/44RQ SNP (C) 
CEACAM binding was determined via bacterial-pulldown and subsequent flow cytometry. 

 

Table III-S1: DNA sequence of synthesized CEACAM3 IgV-like domains. Related to Figure 1 
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Table III-S2: Primer sequences. Related to Methods. 

 

Table III-S3: Primate genomes analyzed for CEACAM3 homolog expression. Related to Methods. 
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GENERAL DISCUSSION 

All multicellular organisms are constantly exposed to a plethora of microbial species for which they 

provide several colonizable niches. For the host such a colonization event can result in a range of 

outcomes from highly beneficial symbiosis to detrimental pathogenesis. Generally, microbes exhibiting 

adaptation strategies that reduce the fitness of colonized hosts are classified as pathogens (Medzhitov, 

2007). The constant assault of such microbes necessitated the evolution of extensive and versatile 

defense systems, which undergo constant refinement (Fumagalli et al., 2011). In humans, one such 

system is the expression of specific phagocytic receptors on neutrophilic granulocytes. 

Several human-adapted bacterial pathogens, such as Neisseria gonorrhoeae, Neisseria meningitidis, 

Haemophilus influenzae, Moraxella catarrhalis and Helicobacter pylori, have evolved distinct virulence-

enhancing adhesins to engage with human CEACAM family members on epithelial barriers to facilitate 

host colonization (Chen and Gotschlich, 1996; Virji et al., 1996a; Hill and Virji, 2003; Tchoupa et al., 

2015; Javaheri et al., 2016). Adhesins able to exploit epithelial CEACAM family members are highly 

advantageous for several aspects of host colonization. The immense evolutionary pressure exerted by 

potentially life-threatening or reproduction hampering diseases is expected to extensively shape the 

extracellular pathogen-pattern-recognizing domain of innate immune receptors, as well their 

intracellular signaling pathways to adequately deal with the threat to the host's health. In the 

presented studies, we addressed both function-defining aspects of the human CEACAM3 receptor, 

which turns CEACAM-binding adhesins into a double-edged sword for invading pathogens. 

CEACAM3 is a specialized receptor on human neutrophilic granulocytes dedicated to the recognition 

and elimination of such pathogens. When its extracellular domain, which closely resembles the 

terminal-domain of epithelial CEACAMs, is engaged and clustered by CEACAM-binding bacteria, 

CEACAM3-signaling is rapidly initiated by tyrosine-phosphorylation of its cytoplasmic HemITAM-

sequence (Schmitter et al., 2004). This stimulation leads to pathogen phagocytosis by cytoskeletal 

reorganization, ROS production, and immune system stimulation by cytokine transcription (Schmitter 

et al., 2004; Buntru et al., 2012; Buntru et al., 2011; Sintsova et al., 2014). Remarkably, CEACAM3 

HemITAM-based signaling deviates from the well-described pathways of other ITAM consensus 

sequence bearing receptors, such as the Fcγ-receptor or the TCR ζ-chain (Reth, 1989; Buntru et al., 

2012). In case of CEACAM3, phosphorylation of the membrane proximal tyrosine (Y230) is sufficient to 

mediate pathogen phagocytosis, while other phagocytic ITAM receptor signaling pathways require 

dual ITAM phosphorylation to recruit Syk, which in turn recruits downstream factors such as the 

RacGEF Vav. Remarkably, Syk recruitment is dispensable for CEACAM3-mediated phagocytosis, as Vav 
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is directly recruited to pY230 (Buntru et al., 2012). This triggers localized GTP-loading of Rac which 

subsequently activates the WAVE complex via binding to the CYFIP subunit of the WAVE-regulatory 

complex (Chen et al., 2010). The activated WAVE complex stimulates Arp2/3-mediated actin filament 

branching and thereby orchestrates the localized formation of lamellipodial protrusions which 

cumulate in engulfment of the bound particles (Pils et al., 2012). The activation of this phagocytic 

pathway has been studied extensively, in the past years but only very few negative regulators of this 

process have been identified (Kopp et al., 2012). Still, we assume that negative regulators of initial 

CEACAM3 activation and downstream signal propagation play a significant role in the derived 

antimicrobial actions. 

The recent advances in the field of sequencing technology, combined with CRISPR-mediated genomic 

modification offer an astonishing potential to uncover previously elusive factors to fill in the gaps in 

partially resolved regulatory pathways (Shalem et al., 2014; Wu et al., 2014). To apply these tools in 

the search for new regulators of CEACAM3-mediated phagocytosis, we modified a myeloid cell line to 

overexpress the CEACAM3 receptor. When infected with CEACAM3-binding bacteria, these cells form 

distinct large lamellipodial protrusions, which are less pronounced in CEACAM3-transfected epithelial 

cells. Similar, the created myeloid cell line exhibited a rapidity of the bacterial internalization 

unmatched by comparable epithelial cell lines (Pils et al., 2006). These qualities are reminiscent of 

neutrophilic granulocytes which marks these cell line as a suitable, genetically modifiable system to 

study CEACAM3-mediated phagocytosis. Application of the human GeCKO lentiviral library, was 

followed by individual cell categorization by their phagocytic potential and subsequent genomic 

sequencing. This screening method revealed several potential positive and negative regulators of 

CEACAM3-mediated phagocytosis. Among these were well-established factors, such as the Rac-GEF 

Vav, but also sensible potential process contributors, which have previously not been placed in this 

pathway. Especially proteins involved upstream or downstream of Rho family GTPases. Whether Rho 

GEFs and GAPs directly integrate into the CEACAM3 signaling pathway in a fashion similar to the Rac-

GEF Vav or are regulated by their already described crosstalk with Rac, and the PI3-kinase remains to 

be established (McCormick et al., 2019). Furthermore, we also identified potential negative regulators 

of phagocytosis. The membrane-associated CYRI has previously been described to locally suppress 

lamellipodial protrusion formation by the reduction of WAVE activity. Proposedly, this is mediated by 

the competition of CYRI with CYFIP, a subunit of the WAVE regulatory complex, for binding to GTP-

loaded Rac (Fort et al., 2018). Proteins limiting lamellipodial protrusion formation might clearly impede 

bacterial phagocytosis. Other identified factors, such as the C-terminal Src kinase (Csk) act further 

upstream of GTP-Rac. Indeed, Csk is known to apply autoinhibitory phosphorylations to the regulatory 

carboxy-terminal tyrosine residue of Src family kinases. Such phosphorylated Src kinases are unable to 
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phosphorylate CEACAM3 HemITAM sequences, leading to a suppression of bacterial internalization 

(Schmitter et al., 2004). CEACAM3 HemITAM phosphorylation at the tyrosine residue Y230 is clearly 

critical for its effector functions. Interference with the CEACAM3 phosphorylation state might also 

derive from dysregulation of protein tyrosine phosphatases. The reduction of bacterial internalization 

in cells lacking expression of NEDD4, an E3-ubiquitin ligase targeting the receptor-type protein tyrosine 

phosphatase PTPRC prompted us to investigate the role of PTPRs in CEACAM3-mediated signaling 

more closely (Thiel et al., 2016; Altin and Sloan, 1997). Remarkably, we uncovered that PTPRC and 

PTPRJ both can dephosphorylate CEACAM3 pY230. Still, overexpression of full-length phosphatases 

failed to impede bacterial internalization while variants lacking their large ectodomains could still 

suppress phagocytosis. We propose a regulatory mechanism for PTPRC and PTPRJ in CEACAM3 

signaling which keeps CEACAM3 in an unphosphorylated state while no bacteria are engaged. Upon 

pathogen binding, the transmembrane-phosphatases might be passively excluded from the zone of 

CEACAM3 receptor clustering due to the size of their ectodomains. Without them counteracting 

cytosolic Src family kinases, CEACAM3 rapidly becomes phosphorylated and initiates localized 

downstream signaling cumulating in lamellipodia formation and particle engulfment. A mechanism 

akin to this has already been described for PTPRC and PTPRJ in the context of yeast particle recognition 

by Dectin-1 on macrophages and dendritic cells (Goodridge et al., 2011; Goodridge et al., 2012). The 

structural and functional similarities between Dectin-1 and CEACAM3 further support the notion of a 

similar regulatory role of PTPRC and PTPRJ in the respective pathways.  The complex and interwoven 

nature of intracellular immune cell signaling will necessitate further investigations to elucidate the role 

of these phosphatases during different phases of bacterial internalization or at later time points during 

ROS production at the phagosome. Our findings underscore the role of CEACAM3 as a continuously 

vigilant innate immune receptor primed to react rapidly to a diverse set of pathogens.  

Evasion and subversion of innate immune recognition processes is a positively selected trait in many 

pathogenic bacteria (Reddick and Alto, 2014). Several CEACAM-binding Opa proteins expressed in 

Neisseria gonorrhoeae and Neisseria meningitidis possess an exclusive specificity for epithelial 

CEACAM family members and are not recognized by CEACAM3 (Gray-Owen et al., 1997b; Roth et al., 

2013; Stern et al., 1986). The extensive system of Opa protein recombination and phase variation 

found in Neisseria species bears testament to the adaptability of these pathogens (Stern et al., 1986; 

Bilek et al., 2009). A similar functional disassociation has been described for adhesin variants of OMP 

P1 in Haemophilus species, and HopQ from Helicobacter pylori isolates from different global regions 

(Tchoupa et al., 2015; Javaheri et al., 2016). These findings suggest that at least some CEACAM-binding 

pathogens are selected for adhesins with a preference for binding to epithelial CEACAMs and avoiding 

the granulocyte phagocytic receptor CEACAM3. Consequently, the pathogen recognition domain of 
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the innate immune receptor is expected to be under selective pressure to retain pathogen recognition  

fueling a cyclic molecular ‘arms-race’ of pathogen adaptation followed by host counter-adaptation in-

line with the Red Queen hypothesis (van Valen, 1973). To retrace this evolutionary development, we 

investigated the molecular differences of the binding-mediating IgV-like domain of CEACAM3 variants 

found in higher primates. Firstly, we aimed to identify CEACAM3 orthologous in sequenced primate 

genomes. The high degree of sequence similarity in IgV-like domains of CEACAM molecules (e.g. 

human CEACAM1 and human CEACAM3) and the similarity of domain structures in between CEACAM3 

and CEACAM4 necessitated the development of a restrictive algorithm, which identifies CEACAM3 

orthologues based on a set of characteristic feature combinations. While the domain structure of 

CEACAM3 closely resembles CEACAM4, their intron/exon borders allow distinction. Especially the 

second intron region, separating the coding sequence of the extracellular IgV-like domain from the 

transmembrane domain, is considerably extended in CEACAM3. Previously it was suggested that 

CEACAM3 is the product of a recombination event between ancestral CEACAM1 and CEACAM4 genes 

providing the extracellular and intracellular region respectively, as well as a chimeric second intron 

region (Pils et al., 2008). Furthermore, the syntenic composition of the CEACAM locus in the 

investigated primate genomes was considered. This parameter might contribute to the lack of 

identified CEACAM3 variants in New World monkeys, and lower primates as gene duplication and 

reshuffling events within the CEACAM locus have been suggested to characterize the evolution of this 

multigene family (Nei and Rooney, 2005; Kammerer et al., 2007). Lastly, the characteristic composition 

of the CEACAM3 HemITAM sequence was required to denote a candidate gene as a CEACAM3 

orthologue (Buntru et al., 2012). CEACAM3 HemITAM sequence corresponds to YxxL–x7–YxxM, which 

contributes to its peculiar signaling pathway, described above. This also allows discrimination from 

CEACAM4 variants, which follow the canonical ITAM-sequence (YxxL–x7–YxxI) and differ in their 

downstream signaling (Delgado Tascon et al., 2015). 

Focusing on these characteristics we identified CEACAM3 orthologues in the genomes of Old World 

monkeys including Macaca mulatta, Pongo abelii, Gorilla gorilla, Pan troglodytes and Papio anubis, 

last of which was not previously reported (Mikkelsen, 2005; Locke et al., 2011; Scally et al., 2012; Zimin 

et al., 2014). The absence of identified CEACAM3 orthologues from available genomes of New World 

monkeys or lemur suggest that CEACAM3 first emerged following the divergence of Old and New 

World monkeys (Sato et al., 2015; Chang et al., 2013). While we view CEACAM3 as an evolutionary 

relatively young construct, it certainly is not the first occurrence of ITAM bearing CEACAM family 

members. Similar emergence events have occurred independently several times in other mammalian 

lineages as shown for dogs, opossums, cows and recently also for bats and horses (Kammerer et al., 

2007; Kammerer and Zimmermann, 2010; Kammerer et al., 2017; Missbach et al., 2018) We argue that 
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CEACAM3 is functionally distinct from those ITAM-bearing CEACAM family members due to its altered 

ITAM consensus, which governs its signaling process. Maybe, these ITAM-encoding CEACAM family 

members can also act as phagocytic receptors, but due to the lack of known ligands for these CEACAM 

members, this assumption remains speculative. Phagocytosis is not a general feature of ITAM-

containing protein complexes, as demonstrated by the TCR or the Fcε receptor which transmit 

activating signals into cells but do not engage in phagocytic functions (Cambier, 1995). 

Correspondingly, the ITAM-containing CEACAM family members found in other mammalian genomes 

might contribute to other instances of immune regulation. This notion is supported by the expression 

of the ITAM-bearing CEACAM28 on canine T-cells (Kammerer et al., 2007), a cell type not involved in 

phagocytosis. Furthermore, ITAM-encoding exons might not be expressed at all, as is the case for 

equine CEACAM41, where the transcripts identified in stimulated blood cells skip the transmembrane 

domain-encoding exon and give rise to a soluble protein instead (Missbach et al., 2018). These aspects 

underscore the evolutionary innovation of CEACAM3 within the higher primates. 

Presumably, each identified primate CEACAM3 variant underwent variation based on their individual 

selective pressures as dictated by their encountered pathogens. Little is known about microbial species 

and strains afflicting higher primates. The few available studies addressing these questions are mostly 

focused on animals in captivity, which poses the risk of anthropogenic introduction of microbes 

without relevance for the evolutionary path of the primate species (Mugisha et al., 2014; Bittar et al., 

2014). 

Our investigation of the influences of the scarce CEACAM3 sequence alterations in higher primates 

revealed that with increasing phylogenetic distance primate CEACAM3 receptors lost progressively the 

ability to recognize the adhesins of human pathogens. These results suggest that species-specific 

variation occurs at least in parts in binding-determining regions of CEACAM3.  Closer structural and 

functional analysis revealed that single amino acid alterations in the binding mediating C’C’’FG face of 

the IgV-like domain of primate CEACAM3 species govern adhesin specificity. Interestingly, this region 

has already previously been implicated in the specificity of human CEACAM1, CEA, and CEACAM6 for 

various neisserial Opa adhesins (Popp et al., 1999). Correspondingly, we analyzed which structures are 

used by human pathogens to evade CEACAM3 response by discriminating between CEACAM1 and 

CEACAM3. Our extensive mutational analysis revealed that substitution of single amino acids in human 

CEACAM3 to its CEACAM1 correspondent is sufficient to reestablish binding to all tested previously 

CEACAM1-specific neisserial Opa proteins. This equivalency in the Opa adhesin action is exceptionally 

notable due to the high variance in their binding mediating loops, highlighting their selection for 

functional rather than sequence identity (de Jonge et al., 2003). Similar, additional introduction of a 
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CEACAM1-corresponding amino acid substitution (SL43/44RQ) together with V49A also allowed 

binding to the OMP P1 adhesin of Haemophilus influenzae, which previously evaded recognition by 

CEACAM3 (Tchoupa et al., 2015). Remarkably, the described binding-restoring alterations are present 

in about a third of today’s African ancestry-derived human population as allelic CEACAM3 variants and 

occur collectively, together with a fourth modification (T69P). The functional implications of this last 

amino acid variant remain enigmatic. As it was dispensable for the interaction with both, Opa and 

OMP P1 adhesins we can only speculate about a further broadening of the recognized pathogen 

spectrum by this African CEACAM3 variant. Potentially, any selective advantage gained in recognition 

of pathogens previously evading CEACAM3-mediated neutrophil immune response might reduce the 

recognition spectrum concerning other adhesins. Such an interaction would leave heterozygotes at an 

advantage due to their broader combined pathogen recognition spectrum and represent another level 

of host adaptation on the population scale. 

Collectively, the here presented studies further enhance our understanding of the fascinating innate 

immune receptor CEACAM3. We describe how positive selective pressure by pathogen interaction 

drives the rapid evolution of its pathogen-recognition domain, while its intracellular signaling platform, 

is conserved within the higher primates. We identify further potential regulatory factors of its unique 

phagocytic signaling pathway and find evidence suggesting a phagocytic synapse-based activation 

model for its initial stimulation.  
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ABBREVIATIONS 

Afa afimbral adhesin 

Arp2/3 actin-related protein 2/3 

ATCC American Type Culture Collection 

ATRA all-trans retinoic acid 

BCR B-cell receptor 

bp basepairs 

Cas9 CRISPR-associated 9 

CEA carcinoembryonic antigen 

CEACAM carcinoembryonic antigen-related cell adhesion molecule 

CFSE carboxyfluorescein succinimidyl ester 

CLEC C-type lectin receptors 

COPD chronic obstructive pulmonary disease 

CR complement receptor  

CRISPR clustered regularly interspaced short palindromic repeats 

CSK c-terminal Src kinase 

CT carboxy-terminal 

CYFIP cytoplasmic FMR1-interacting protein 

CYRI CYFIP-related Rac interactor 

DAEC diffusely adhering Escherichia coli 

DAMP damage-associated molecular pattern 

DBS double-strand break 

DC dendritic cell 

DMEM Dulbecco’s modified Eagle’s medium 

DNA deoxyribonucleic acid 

DSMZ German collection of microorganisms and cell cultures 

dsRNA double-stranded ribonucleic acid 

ENCoRE Easy NGS-to-Gene CRISPR Results 

FACS fluorescence-activated cell sorting 

FcγR Fcγ receptor 

FL full-length 

FN fibronectin type-III 

GAP GTPase activating protein 



ABBREVIATIONS 

 

147 
 

GeCKO genome-wide CRISPR knockout 

GEF guanine nucleotide exchange factor 

GFP green fluorescent protein 

GPI glycosylphosphatidylinositol 

GTP guanosine triphosphate 

HDR homology-directed repair 

HemITAM hemi-immunoreceptor tyrosine-based activation motif 

Hinf Haemophilus influenzae 

HIV human immunodeficiency virus 

HSPG heparan-sulfate proteoglycan 

ICAM-I intercellular adhesion molecule-1 

Ig immunglobulin 

IgC immunoglobulin constant 

IgV immunoglobulin variable 

IL interleukin 

IP immuno-precipitation 

IPTG isopropyl β-D-1-thiogalactopyranoside 

IRF interferon regulatory factor 

ITAM immunoreceptor tyrosine-based activation motif 

LAMP-2 lysosome-associated membrane protein 2 

LB Lysogeny Broth 

LIPE lipase 

LRR leucine-rich repeats 

Mac-1 macrophage-1 antigen 

MAMP microbe-associated molecular pattern 

MFI mean fluorescent intensity 

MHC-II Major Histocompatibility Complex 2 

miRNA micro RNA 

MOI multiplicity of infection 

MPO myeloperoxidase 

Myr myristoilated 

n.s not significant 

N4BP2L1 nedd4 binding protein2 like 1 

NAD nicotinamide adenine dinucleotide 
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NADPH nicotinamide adenine dinucleotide phosphate 

NEDD4 neural precursor cell expressed developmentally down-regulated protein 4 

NETs neutrophil extracellular traps 

NFAT nuclear factor of activated T-cells 

NF-κB nuclear factor 'kappa-light-chain-enhancer' of activated B-cells 

Ngo Neisseria gonorrhoeae 

NGS next-generation sequencing 

NHEJ non-homologous end joining 

NK-cells natural killer cells 

NLR NOD-like receptor 

NOD nucleotide-binding oligomerization domain 

Omp P1 outer-membrane protein P1 

Opa opacity-associated 

PBS phosphate-buffered saline 

PCR polymerase chain reaction 

PD-L1 programmed death ligand 1 

PFA paraformaldehyde 

PH pleckstrin homology 

PI3K phosphatidylinositol 3′-kinase 

PID pelvic inflammatory disease 

PMN polymorphonuclear granulocytes 

PRR pattern-recognition receptors 

PSG pregnancy-specific glycoproteins 

PTPR receptor-type protein tyrosine phosphatas 

RIG retinoic acid inducible gene 

RLR RIG-I-like receptor 

RNA ribonucleic acid 

ROS reactive oxygen species 

RPMI Roswell Park Memorial Institute 

RT Room temperature 

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SEM standard error of means 

sgRNA single guide RNA 

SH2 Src-homology 2 
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SH3 Src-homology 3 

siRNA small interfering RNA 

SNP single nucleotide polymorphism 

ssRNA single-stranded ribonucleic acid 

Syk spleen tyrosine kinase 

TCC terminal complement complex 

TCR T-cell receptor 

TGFB1 transforming growth factor b1 

TIR toll-Interleukin-1-receptor 

TLR toll-like receptors 

TNFα tumor necrosis factor alpha 

UspA1 ubiquitous surface protein A1 

VCAM-I vascular cell adhesion protein 1 

WASP wiskott-aldrich syndrome protein 

WAVE WASP-family verprolin homologous protein 

WCL whole cell lysate 
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