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Summary

Summary

The human body represents an excellent ecological niche for a versatile community of
microbes such as bacteria, archaea, fungi, and protozoa. Besides commensal and mutualistic
residing microorganisms, pathogens regularly attempt colonization, for whiclh Hae
developed diverse strategies to gain foothold in the human host. One strategy involves a
subgroup of the immunoglobulin super family: carcinoembryonic antigdated cell
adhesion molecules (CEACAMS). Epithelial members of the surface express@AMCEA
proteins serve as receptors for certain pathogens sudieasseria gonorrhoeaelaemophilus
influenzae or Helicobacter pyloriRemarkably, severe diseases caused by those pathogens
occur rarely due to a sophisticated defense provided by the sanmtein family: the
neutrophil granulocyteexpressed innate immune receptor CEACAM3. CEACAM3 recognizes

CEACAMInding pathogens and initiates a rapid, opseimidependent clearance.

In this work we provide an overview of the state of the art with respe€@EACAM3, including

its structure, functions and evolutionary background (Chapter I). Subsequently, we focus on
the evolution of CEACAMS3 within the primate lineage. We analyze genomes of higher
primates igntifying new CEACAM3 orthokgComparison of pnate CEACAMS3 genes reveal

an extremely fast evolving extracellular domain, whereas the intracellular signal transducing
part appears to be conserved. Testing the ability of different primate CEACAMS3 variants to
recognize human restricted pathogens demaoasts decreasing binding affinity with
increasing phylogenetic distance. Exchanging single amino acids in gorilla CEACAMS3 towards
human CEACAMS3 reestablish recognition of the pathodésemophilus aegyptius
Remarkably, several pathogens, suchHeemophils influenzaeor Neisseria gonorrhoeae
exhibit adhesins that target CEACAM1, but circumvent recognition by the highly sinilar Ig
like domain of CEACAM3. We unveil a single amino acid variation between both receptors that
is crucial for CEACAML binding, putvents CEACAMS3 associatioiNgisseria gonorrhoeae

An additional mutation at another site within the extracellular domain of CEACAMS allows the
reestablishment ofHaemophilus influenzaeecognition by the adapted CEACAMS3 variant.
Interestingly, a huma CEACAM3 polymorphism exhibiting these amino attetations is

found in around 8% of the African population. The selection for CEACAMS3 variants with an
extended binding spectrum demonstrates ongoing adaptation and cotadaptation

between pathogen amh host (Chapter II).



Summary

Recognition by CEACAMS and interaction with epithelial CEACAMs is not exclusively found in
bacteria, but is also observed for the opportunistic pathogenic y€astdida albicansBy
breaching the mucosal barrier and causing local aystesnic infections (Candidiasis), this
organism constitutes a serious threat to the health of the human host. We are interested in
whether the innate immune receptor CEACAM3 might play a part in defense mechanisms
againstC. albicansIn our study, bindingissays reveal that CEACAM3 is ableetmgnize a
broad range of yeastsvhich underlines the exceptional protective spectrum of this immune
receptor. We observe that CEACAM interaction is depended on growth conditi@andfda

such as iron limitation othe presence of serum, as commonly experienced for tissue
infiltrating microbes. InterestinglyCandidais only recognized by human CEACAM3 and the
closely related chimpanzee CEACAM3rmitby other primate ortholog, indicating a more
recent evolutionay development. Still, the proteinaceous adhesinGdndidainvolved in
CEACAMInding remains elusive. Presumably this adhesin activates the innate immune
receptor CEACAMS3 and causesracellular receptor tyrosine phosphorylation but does not
result in EACAM3lependent uptake. Together, these results implicate CEACAMS in the
recognition and activation of downstream signalling following ydmsting to host

phagocytes (Chapter IlI).

Each mammalian species has its own characteristic microbiota that pedhzy two major
factors: nutrition and host genetics. While the influence of diet has been studied extensively,
we aim to investigate the role of host genetics in regard to microbial compositions, by putting
members of the CEACAM family in centre of dudg. CEACAMs are exploited by human
restricted pathogens for host colonization and have a high diversification in mammals,
therefore representing a suitable haspecific factor that could help to shape a characteristic
microbiota. In our study, CEACAd#ociating commensal gut bacteria are enriched from
human stool samples and identified using 16S rRNA gene pyrosequencing. Although the
CEACAMbinding spectrum of these commensals is as versatile as their phylogenetic origin,
they all bind to CEA, a CEACAIRImber exclusively expressed in epithelial cells. Interestingly,
bacterial species thatre preferentially found in humarshow restriction to human CEACAMSs.

In contrast Enterococcus faecalisnown to colonize not only human but also mouse intestine,
possesses a broadened binding spectrum that also comprises other mammalian CEACAM
proteins. Infection of cells with and without CEAGAKpression reveals no difference in

bacterial interaction on cellular surfaces, suggesting a minor contribution during early

-10-
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colonization events. However, fluorescently labeled sugar residues derived from the highly
glycosylated CEACAM molecules can be recoverdfl. ifaecalisproteins after CEACAM
interaction. We suggest that CEACAM®y not be involved in early celurface association
processes, but that microbe interaction with hesgecific CEACAM proteins and subsequent
degradation of linked carbohydrate moieties could support leergn colonization by
providing an additional docking site and energy source. kwlay, CEACAM molecules could

contribute to the formation of a host characteristic microbial community (Chapter V).

Altogethea, this studyprovidesinsight into the complex interplay between pathogens, host,

and the commensal microbiota using the exampiehe CEACAM family.

-11-



Zusammenfassung

Zusammenfassung

Der menschliche Koérper bietet eine hervorragende 6kologische Nische fir eine Vielzahl
verschiedener Mikroben, zu denen u.a. Bakterien, Archaeen, Pilze und Protozoen gehdoren.
Neben kommensalen und mulistischen Mikroorganismen, versuchen auehthogene
regelmafdig sich anzusiedeln. Um im menschlichen Wirt Ful zu fassen, haben sie
verschiedenste Strategien entwickelt. Eine Strategie umfasst eine Untergruppe der
Immungldulin-Superfamilie: die Carcinagryonic Antigearelated Cell Adhesion Molecules
(CEACAMS). Epitheliale Mitglieder daerflachenexprimierten CEACARfoteine dienen
bestimmten Pathogenen wieNeisseria gonorrhoea Haemophilus influenzae oder
Helicobacter pylorals Rezeptoren. Bemerkensierweise l6sen diese Erreger nur selten
schwerwiegende Erkrankungen aus. Grund dafur ist ein raffinierter
Verteidigungsmechanismubgreitgestellt vonderselben Proteinfamilieder Immunrezeptor
CEACAM3welcher auf neutrophilen Granulozytenexprimiert wird CEACAMS3 erkennt
CEACAMindende Pathogene und initiieetuf eine opsoninunabhéagig Weisederen rasche

Beseitigung.

Diese Arbeit enthalt eine Ubersictiesaktuellen Wissensstamsiiber CEACAMS3 im Hinblick
auf dessen Struktur, Funktion urdolutionaren Hintergrund (Kapitel 1). Wir betrachten den
evolutionaren Verlauf von CEACAM3 innerhalb der Primatenlinie und identifizieieter
Genomanalyse hoéherer Primatem neues CEACAMBtholog. Der Vergleich von CEACAM3
Genen aus verschiedendPrimaten zeigt me extrem schnell evolvierendextrazellulare
Domane, wahrend der intrazellulare, signalvermittelnde Teil sich als stark konserviert
herausstellt. Tests zeigen, dass dighigkeitverschiedener Primate@REACAMYarianten
humanspezifischePahogene zu erkennenmit zunehmender phylogenetischer Distanz
abnimmt Der Austausch einzelner Aminosauren in GeGEEACAMS3 hin zu humanem
CEACAM3 resultiert in der Erkennung des Pathoget@semophilus aegyptius
Bemerkenswerterweise verfiigen einige Regene wie Haemophilus influenzaeoder
Neisseria gonorrhoeaéber Adhasine, die zwar auf CEACAM1 abzielen, aber die Erkennung
durch die seh@hnliche Ig-Doméane von CEACAMS3 vermeiden. Wir ermitteln eine einzelne
abweichende Aminoséure zwischen den beidemdptoren, die entscheidend fur die Bindung

an CEACAML1 ist, aber die Bindung von CEACAN@iaseria gonorrhoeaeerhindert. Eine

zusatzliche Mutation an anderer Stelle erlaubt zudem die ErkennungHaemophilus

-12-
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influenzae durch die angepasste CEACAWMBIiante. Interessanterweise findet sich ein
humaner CEACAMBolymorphismus mit genau diesem#osaureveranderungen in etwa
40% der afrikanischen Bevdlkerung. Eirfgelektion auf CEACAM@&rianten mit einem
erweiterten Bindespektrumverdeutlicht diepermanente Anpassung und Gegenanpassung

zwischen Pathogenen und ihrem Wirt (Kapitel I1).

Die Erkennung durch CEACAMS3 und die Interaktion mit epithelialen CEACAMs fthdlet ni
ausschlie3lich bei Bakterien statt, sondern wird auch bei der Hgdedida albicans
beobachtet. irch das Durckringen der Schleimhautbarriere undlas Verursachen von
lokalen und systemischen Infektionen (Candidose), stellt dieser Organismus eingaémst
Bedrohung fir die Gesundheit des menschlichen Wirtes dar. In dieser Studie wird untersucht,
ob der Immunrezeptor CEACAM3 an Abwehrprozessen g€jenlbicansbeteiligt ist.
Bindungsstudien zeigen, dass CEACAM3 ihalpe ist einduswahleschiedenter Hefenzu
erkennen, was das &aufRergirotektive Spektrum dieses Immunrezeptors tenstreicht.
AuRBerdem beobaclein wir, dass die Interaktion vorC. albicansmit CEACAMs von
Wachstumsbedingungen wie Eisenmangel oderufverfigbarkeit abhartg mit diesen
Bedingungenwerden UblicherweiseMikroben konfrontiert die bis ins Gewebe vordringen.
Interessanterweise wir@andidanur von menschlichem CEACAM3 und dem nahe verwandten
Schimpansen CEACAMS erkannt, jedoch nicht von anderen Primatenorthologen, wag auf ein
evolutionar neuere Entwicklung hindeutet. Da®tein-basierteCandidaAdhéasinwelchesan
CEACANMInteraktionenbeteiligtist, konntebis jetzt nicht naher definierverden Vermutlich
aktiviert eben jenes AdhasirCEACAM3 und verursacht dimeobachtete intrazellulare
Tyrosinphosphorylierung des Rezeptors, welgdochnicht in einer CEACAM#bhangigen
Aufnahme resultiert. Unsere Ergebnisse zeigen, dass Hefe@REACAM3 erkannt werden,

wasdie Aktivierung von nachgeschalteten Signalen plgd=-hat (Kapitel 111).

Jede Séaugetierart verflugt Uber eine eigene, charakteristische Mikrobiota, die durch zwei
Hauptfaktoren beeinflusst wird: die Erndhrung und die Genetik des Wirtes. Wahrend der
Einfluss der Ernahrung schon vielfaltig untersucht wumilden wir darauf ab, die Rolle der
Wirtsgenetik im Hinblick auf die mikrobielle Zusammensetzung zu untersuchen. Im Zentrum
unserer Untersuchung stehehierfir Mitglieder der CEACARKamilie. CEACAMroteine
werden von Pathogenen, die sich ausschlie3liah den Menschen beschranken, fir die

Wirtskolonisierung ausgenutzt und weisen aul3erdem eine grof3e Vielfalt in S&ugern auf. Das

-13-
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macht sie im Hinblick auf Wirtsspezifitaitzu Faktoren, die dabei helfen k&mm eine
charakteristische Mikrobiota zu entwickelnln unserer Studie werden kommensale
Darmbakterien aus menschlichen Stuhlproben angereichert und mittels 16S rRNA Gen
Pyrosequenzierung identifiziert. Obwohl das CEA®kMespektrum der Kommensalen sich
als ebenso vielfaltig herausstellt wie ihre phylogésche Herkunft, binden allan CEA, ein
Mitglied der CEACAMMamilie das ausschlieBlich durch Epithelzellen exprimiert wird.
Bakterien die vorwiegend imMenschengefunden werdenzeigen eine Beschrankung auf
menschliche CEACAMs. Im Gegensatz dazubEeigtococcus faecalider daftir bekannt ist
nicht nur den menschlichen Darm, sondern auch den von Mausen zu besiedeln, ein
erweitertes Bindespektrum, welches auch andere Saug€EACAM Proteine umfasst. Die
Infektion von Zellen mit und ohne CEACAMpression zeigt keinen Unterschied in der
Interaktion von Bakterien mit der Zelloberflache, was auf eiaekar unwesentlicherBeitrag

von CEACAMs wahrend des frihen Kolonisierungsgeschehens hinweist. Jedoch kénnen
fluoresenzmarkierte Zuckerreste ausden stark glykosylierten CEACAMolekilen in E.
faecalis Proteinen nach dessen Interaktion mit CEACAMs wiedergefunden werden. Wir
nehmen an, dass CEACAMs zwar nicht in friihe Assoziierungsproredse Zelloberflache
involviert sind, aber, dass die Interaktion rd®likroben mit wirtsspezifischen CEACAM
Proteinen um der anschlieBende Abbaler gebundenen Kohlenhydratreste eine langfristige
Kolonisierung begunstigen kann, dadurcheine zusatzliche Andockstelle und Energiequelle
vom Wirt zur Verfugng gestellt wird Auf diese Weisé&odnnten CEACAMIolekile einen
Beitrag zu der Entstehung einer wirtscharakteristisohélikrobengemeinschaft leisten
(Kapitel 1V).

Zusammengefasst gibt die StudieEinblick in das komplexe Zusammenspiel zwischen

Pathogenen, Wirt und dd&tcommensalen Mirobiota am Beispiel der CEACAdmilie.

-14-



General Introduction

General Introduction

The human microbiota

The human body is colonized by a complex community of different microorganisms composed
of bacteria, fungi, archaea, protozoa, and viruses that reside @rntbin their host. The entity

of those microbes is calledtie human microbiotaand can mainly be found on human skin, in
the nasopharynx, the oral cavity, the urogenital tract, and the gastrointestinal tract. The
highest microbe abundance in count, as veslispecies diversity, is localized in the human gut.
Performing a number of essential functions, the gut microbiota has great impact and
significance to health of the human body. Sometimes it is caliedorgotten organ as the

role of the human microlota was underestimated for a long tim@®'Hara and Shanahan
2006. Microorganisms inhabiting the human body were thought to colonize its host
randomly, depending on environment and nutrition. Only during the last decades, it emerged
that actually a strict regulation determines which organisms can colonize and to wtiatt e
they can settle down. It became clear that those microbes represent an entity whose members
are capable of communicating with each other and even more important, who are capable of
communicating with the human host itself. Furthermore, the same nhiesoturned out to
supply various beneficial functions for the human body including modulation of metabolism,
interference with the innate immune system, and regulation of epithelial development by
providing an additional set of genes that broaden the enatfaspectrum of the hogiSavage
1977 Whitman, Coleman et al. 1998ey, Peterson et al. 2008Vang and Li 2005 The
collective genomes of those microbes are therefore summarized by the teerhuman
microbiome Nowadays, an extensive research field is aiming to understand functions of this
complex community of microorganismadtries to unveil its contribution to the upkeep of a

healthy human body.

Acquisition and maturation

Development and maturation of the human microbiota takes place during the first year of life.
Experts are divided into two camps regarding the questiontath point acquisition actually
starts: those who support theterile womb paradignbased on a sterile fetal environment
where the first contact with microorganisms occurs during and directly after @itthkhouser

and Bordenstein 20)3 and those who support thén utero colonization hypothesibat
assume bacterial communities to reside and therefore to colonize the fetus already within the

-15-
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uterus (Jimenez, Marin et al. 2008agaard, Ma et al. 201€ollado, Rautava et al. 2016n

020K a40SyINA2azI K26SOSNE GKS yS2yliSQa YAON
mother) and then horizontally (from other humans or the environment). The extent of
influence navadays depends on the way of delivery though. During natural delivery the baby
passes the birth canal and thereby gets in contact with vaginal and gut flora of the mother,

which supports the development of a normal and healthy gut microbiota in neonatesd>

a caesarean delivery the baby is primarily exposed to the skin flora of the midwife, doctors,
parents, and environmental microbes, leading to colonization of untypical microorganisms in

the gut and the occurrence of pathogenic bacteria sucBtaphyococcusTherefore the risk

for the development of diseases such as allergies, asthma, or diabetes mellitus in¢véabes

Ross et al. 2009 A second essential influence factor with regard to the development of a
Y2NXIf 3dzi YAONRoOA2GF A& GKS AyTFryidiQa RASOHO®
probiotic bacteriumLactobacilluswhich supports the generation of a healthy gut fl¢&ato,

Martin et al. 2014. Formulafed babies that lack this probiotic sme also tend to develop the
aforementioned diseases. The human gut is an anoxic environment that shelters mainly strict
anaerobic microorganisms (>99%). However, in the beginning of life, aerobes inhabit the
human gut as first colonizers. Consuming thewailing oxygen, they create a reduced
atmosphere allowing anaerobic organisms to settle down. After one year, an adult gut flora

with its characteristic composition has develop@&ilark and Lee 1982

Function of a lealthy human gut microbiota

The human gut microbiota has essential functions for the health of the human host reaching
from metabolic and trophic tasks, including digestion of nutrition, degradation of-host
indigestible polysaccharides, and synthesis tdmins to host protection by outcompeting
pathogengGrenham, Clarke et al. 201Mleish 2014 Trompette, Gollwitzer et al. 20)4The
relationship between gut microbiota and the human host is not simply a-hmomful
coexistence, but rather a mutualistic one where each party profits from the diQeigley
2013. Gut microorganisms extract energy from various food congods including the
fermentation of dietary fibers. In return, they provide valuable metabolic products for the
human host. One example would be the production of vitamins such as vitamas ell as
B-vitamins that serve as essential coenzymes for meliabhost processegHill 1997%.
Interestingly, vitamin biosynthetic genes are not specific for a certain clade, but they are

broadly distributed across differentug species even originating from distinct phyaas,

-16-
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Babaei et al. 2009 Other benefits produced by the gut microbiota are short chain fatty acids
(SCFAs), such as butyrate, propionate or acetate, which are taken up by the lsqQuigley
2013 Clarke, Stilling et al. 2014Butyrae represents the main energy source for epithelial
cells and favors their proliferation. It improves junctional integrity between them and thereby
supports the maintenance of the epithelial cell barri@iathewson, Jenq et al. 2016
Furthermore, butyrate and propionate influence immune responses by potentiating the
regulatory T (Treg) cell popuian (Arpaia, Campbell et al. 201Burusawa, Obata et al. 20113
Treg cells can suppress inflammation by inhikjifincell proliferation and cytokine production,
thereby maintaining seffolerance and preventing autoimmuniiKondelkova, Vokurkova et

al. 2010. By competindor the same intestinal niches and substrates, the intestinal microbiota
also counteracts colonization and distribution of pathogenic microbes, such as the
opportunistic pathogenic yeas€andida albicangKennedy and Volz 1985Likewise, the
commensalBacteroides thetaiotaomion competitively exclude£itrobacter rodentiunby
O2yadzYAy3d OFNDB2KeRNIGSa Ay GKS AydaSadiaylrt fd
(Kamada, Kim et al. 20L2Probiotics likd.actobacillusndBifidobacteriunprotect the human

host from overgrowth of the opportunistic pathoge@lostridium difficileby limiting the
adherence to epithelial cells and decreasing the cytotoxicity of the path@geldesVarela,
AlonseGuervos et al. 2096 Sane commensals also produce antimicrobial substances such
as bacteriocines (cell wadktive bactericidal polypeptides), to challenge the colonization of
certain pathogens like multidrug resistant enterococclostridium difficile, or
Staphylococccus aurs(Millette, Cornut et al. 2008Park, Shin et al. 2008 rowther, Baines

et al. 2013 Hammami, Fernandez et al. 2Q1&arciaGutierrez, Mayer et al. 20)9
Furthermore, due to its metabolic products, the human gut microbiota can expand its
influence beyond the gastrointestihtract to even more distal organs and systems. It has the
ability to act on the central nervous system (CNS) by modulating hormones or producing
hormonemimicking molecules, therefore resembling an endocrine or@ramsythe, Sudo et

al. 201Q Evans, Morris et al. 20).3To fulfill all those functions properly and to hinder the
development of certain diseases such as inflammatory bowel diseases (IBD), colon cancer, or
simply the overgrowth of pathoges, it is crucial to establish and maintain a vixlanced gut
microbiota. At this point our immune system plays an essential role: to avoid constant
inflammatory response, it needs to tolerate beneficial microbes while still counteracting

harmful ones.
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The mutual relationship of the human microbiota and the host immune system

The human immune system must detect a wide range of pathogens including viruses, bacteria,
fungi, protists, and mukD St f dzf I NJ LJ NI aAdSaz FyR ySS$Ra G2
commensal microorganisms. Training for this task starts immediately after birth. During the
OANIK LINRPOS&aaszx GKS yS2ylFiS YR GKSNBF2NB | f 3
first exposure to commensals; a-development starts. First factors tha & KI LIS G KS 0|
YAONROA2GF YR GKS NBalLkyasS (2 yS¢é YAONROGSaA
immune cells, commensals (e.gLactobacilluy metabolites, IgA, and cytokines.
Oligosaccharides present in breast milk promote the growth of cetiameficial organisms

such asBifidobacterium(Marcobal, Barboza et al. 20larcobal and Sonnenburg 2012 he

yS2yl GSQa mYsYrdayes by &adrly iédblation and interaction with commensals

during the development, which finally leads to the establishment of a stable homeostasis
between host and microbes during the first years of life. To maintain this homeostatic state
throughou lifetime, communication between microbiota and host is essential. Therefore,
microorganisms exhibit conserved microkéaisociated molecular patterns (MAMPSs), which

are recognized by immunosensory cells. Those cells possess a host pattern recognition
receptor (PRR) system that allows the distinction of pathogenic from commensal microbes.

The host epithelium constitutes the first sensory line of defence. Active sampling of antigens,

for instance derived from commensals or pathogens, is condubtiethree main types of
immunosensory cells. These celie involved in the perpetuation of homeostasis, not only by
recognizing MAMPs, but also by controlling overgrowth and diffusion of residing microbes to
avoid tissue invasion and constant inflammatory respofiSgure 1). Enterocytes, the first
immunosensory cell type, secrete cytokines and chemokines to direct cells of the innate and
adaptive immune system to the site of infection. Additionally, they express an
immunoglobulin receptor that binds to IgA thatpsoduced and secreted on the apical side

by plasma cells. This binding results in the transportation of IgA across the mucosal epithelium

to the apical sidgSnoeck, Peters et al. 2008gA serves as direct defense mechanism and

helps to shape the composition of the microbig&hanahan 20Q03Vei, Shinkura et al. 201

M cells, the second immunosensory cell type, are specialized epithelial cells that selectively
endocytose luminal antigens and transport them to the basal side of the cell. There, antigen
presenting cells such as macrophages, lymphocytes and dendriticatdalsver the antigens

and migrate to lymph nodes in order to initiate immune response. DCs, the third cell type, can
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directly sample gut content by extending dendrites between enterocfRescigno, Urbano

et al. 200). In case of tissue invasion, DCs internalize the microbe and present it to mesenteric
lymph nodes to induce immune respon@dacpherson and Uhr 2004The PRR system of
those immunosensory cells, that allows microbe distinction, includes receptors such-as Toll
like receptors (TLRs), the nucleotidmding oligomerization domain/caspase recruitment
domain isoforms (NOD/CARD) antly@e lectins (CLEQ§)ario 205; lliev, Funari et al. 2032

They holdan important role in immuneell activation, and appear to be essential for
microbiotahost communication. NOD proteins and TLRs are expressed by enterocytes and
DCs and get activated by commensals. TLRs are involved in enterocyte proliferation, the
reparation of the gut, and therefore play an important role for the intestinal barrier function
(RakoffNahoum, Paglino et al. 200Bukata, Michelsen et al. 2005’ he CLEC Dectirtargets

0 K $1,3glucan structure, a component of the fgal cell wall. Since Dectin regulates
commensal fungi colonization, Dectln deficiency elevates the susceptibility to the
inflammatory bowel disease colit{#iev, Funari et al. 20)2Many PRR lands are derived

from commensals, but in contrast to pathogassociated molecular patterns (PAMPS),
MAMPs do not trigger inflammatory response. In a healthy colonic mucosa, enterocytes
express high levels of the TLR inhibifboltinteracting protein (Tdip) and the single
immunoglobulin [E1Rrelated molecule (SIGIRRptte, Cario et al. 2004 SIGIRR is a
Toll/interleukin-1l receptorcontaining inhibitory molecule. Similar to Decfin its absence
leads to higher susceptibility for colitis. Together with Tollip, SIGIRR reduces inflammatory
response to the surrounding environment by inhibiting TLR activity. Tbiseps seems to
mediate mucosal tolerance towards the commensal microb{@arlanda, Riva et al. 2004

In addition, tolerance is induced by regulatory T <elhd DCs as they are able to inhibit
excessive cytokine response to the microflora by T helper 1 cells(Rddl and Brunet 2005

The inflammatory response to pathogens normally triggers the activation of the nuclear factor
(NFYS . LI GKgled Ly O2yiGNYaidsz Y23do ddR YH'YNSB/ all ot faS F
the pathway by inducinguclear export of the NF . & dzo dzy A G = LJc gKEIly, (i 2 (0 K¢
Campbell et al. 2004Another strategy to avoid immune response is the presentation ofhost
related molecules on the surface of commensBEscteroides fragilidor instance, synthesizes
fucosylated surface molecules, thereby mimicking fucosylated glycoproteins and glycolipids of

intestinal enterocytes resulting in immune hyporesponsiver{(€ss/ne, Reinap et al. 2005
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Figure 1: Immunosensory cells control and shape the human gut microbiBtaerocytes
release cytokines and chemokines to recruit immune cells to the site of infection. IgA secretion
defends against pathogens and shapes the microbiota composition. M eraliscytose
luminal antigens and transport them to the basal side of the cell. There, arpig=enting

cells (macrophages, lymphocytes, dendritic cells (DCs)) take over the antigens and migrate to
lymph nodes to initiate immune response. DCs sample gntecd by extending dendrites
between enterocytes and internalize tissue invading microbes. For bacterial antigen
recognition, DCs exhibit pattern recognition receptors (PRRs). Additionally, DCs regulate
Immune response or tolerance by stimulating eithefieefor or regulatory T cells (O'Hara and

Shanahan 2006).

Microbiota composition and diversity in the human gastrointestinal tract

The human gut microbiota is mainly composed of strict anaerobic microorganisms, which
clearly outnumber the facultative anaerobes and aerobes by@ardon and Dubos 1970
Savage 1970 Although there are more than 50 bacteria phyla in general, only two phyla
prevail in the human gut: the Bacteroidetes and the Firmicyf@shloss and Handelsman
2004). A bacterial minority belongs to other phyla such as Proteobacteria, Actinobacteria,
Fusobacteria, and Verrucomicrolfaclurg, Bik et al. 2005 Numbers of bacterial species
found in the human gut vary dramatically between different studies; it is estimated that up to

1,000 different species colonize this orgatu and Gordon 2003Interestingly, the intestinal
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microbiota is a heterogeneous community that varies in number as well as composition
depending on le intestine location (Figure 2 A). Ufacteria per gram of content reside in

the stomach, increasing to 1 10’ bacteria per gram in the duodenum, jejunum, and ileum
and finally reaching the maximal bacterial cell number in the colon withtdQL0'"bacteria

per gram intestinal contenfO'Haa and Shanahan 20R6Along with the bacterial number the
bacterial diversity increases, whereas the oxygen amount decreases. In addition to cell
number and diversity, also the composition of microorganisms véfiesk, St Amand et al.
2007). Wheeas the stomach shows microaerophilic and aerotolerant generaiikieobacter
andLactobacillusthe small intestine accommodates facultative anaerobes like Actinobacteria
and the Firmicutes class Bacilli. In contrast, the colon is enriched by stratodam@microbes

such as the Firmicutes family Lachnospiraceae and members of the Bacteroidetes phylum
(Frank, St Amand et al. 2007Besides the longitudinal microbiota alteration, also the
latitudinal bacterial composition varies (Figure 2 B). Thestimtal epithelium is lined by a thick
mucus layer that separates it from the intestinal lumen. Different areas are inhabited by
diverse  microbes. Bacteroides Bifidobacterium  Streptococcus members  of
Enterobacteriacea:nterococcusClostridiumLactobacillusandRuminococcuare present in

the lumen, wherea<Clostridium Lactobacillus and Enterococcusre predominant in the
mucus layer and the epithelial crypts of the small intes{@eidsinski, LoeninBaucke et al.
2005. A third factor in microbiota composition is a temporal vaaat(Figure 2 C). Directly at
birth, or even within the uterus, colonization by first microbes starts. Depending on the way
of delivery and feeding habit, the primary colonizers differ and can affect the development of
the intestinal microbiota enduringlyDuring the first year of life, the number of
microorganisms and their diversity increases strongly. By the end of the first year, the
microbiota has settled down and resembles that of an a@uMlackie, Sghir et al. 1999In
elderly persons, the microbial diversity decreases again and the phyla ratios shift, resulting in
elevated levels of inflammatory markers and enhanced fréBartosch, Fite et al. 200¢an
Tongeren, Slaets et al. 200Blevertheless, all through life a permanent alteration takes place
influenced by external factors such as diet, medication use, or environmental exposures
(Turnbaugh, Backhed et al. 2008mportantly, those alterations only affect the human
microbiota on the genera and specikesel, while the phylum level is stable and only shows
variation in the proportiongEckburg, Bik et al. 2006ill, Pop et al. 2006 This sugests that

the maintenance of certain phyla is essential, whereas the functional redundancy within a
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phylum allows variation in microbiota composition between individuals without impairing

proper function.
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Figure 2:Local and temporal variation ofgastrointestinal microbiota composition A:
Longitudinal alterations across the gastrointestinal tr&tLatitudinal microbial variations in
the intestine.C Temporal course of microbiota establishment and maintenance and the

influence of certain fact@ to microbial compositiofSekirov, Russell et al. 2010

Certain influence factors modulate microbial composition

The homeostasis of the human gut microbiota establishes early in life, but can later on be
affected by various factors that influence composition and diversity. The foundation is laid by
GKS AyTrydQa RASG 60NBIald 2adesd tie2npdcdef persovidl £ | 0 =
nutrition remains significant. The fecal microbiota of European children eating a typical
western diet, high in animal protein, sugar, starch, fat, and low in fiber was compared to that

of African children from a rural villagetiva diet low in sugar, starch, and fat and high in fiber

(Figure 3). The study revealed a significant difference in the proportions of the four main
LIK&flFd 2KSNBlFa ! OQiGAy20l OGSNRI FYyR . FOGSNRA

microbiota, Firmicutesrad Proteobacteria were prevalent in European children (Figu(B&)
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Filippo, Cavalieri et al. 20L0Vithin the phylum of Bacteroidetes especially bacteria from the
genus Prevotellaand Xylanibacterwere enriched. These are known to exhibit genes for
cellulose and xylan hydrolysishich appears to be an adaptation to a polysaccharide diet,
allowing a maximized energy intake from fibers. In addition, significantly more-shaim
FLrGde | OARA 6SNB F2dzyR (2 06S LINPRJdzOSR o8&
protective function against inflammations which decreases the risk for the development of
certain diseases (e.g. inflammatory bowel diseases, colon cafixerfilippo, Cavalieri et al.
2010 Liu, Wu et al. 2015 Interestingly, European children showed high abundance of the
phylum Firmicutes, which is positively correlated with the typical western disease ofiesity
Turnbaugh et al. 2006as well as the phylum Proteobacteria, that is known to comprise the
majority of pathogenic bacteria in humar{Rizzatti, Lopetuso et al. 20L'Not only nutrition,

but also medication use can have a severe impact on the microbial community. For instance,
antibiotic therapy noonly aims at pathogenic bacteria, but also affects commensals, thereby
compromising richness and diversity of the human microbiota. Depletion of residing microbes
favors intrusion and accumulation of pathogens in unoccupied niches. Resulting perturbation
and imbalance of the commensal gut microbiota can cause intestinal problems, such as
antibiotic-associated diarrhea (AAQYord, Heimdahl et al. 1986Besides extrinsic factors,
such as diet, age, and medication use, also the intrinsic facstrgeneticplays an essential

role. Investigation of gut microbiota derived from different great ape spedmduding
human, common chimpanzee, bonobo, western gorilla, and eastern gorilla, revealed that the
phylogenetic branching order based on the microbial composition is consistent with
phylogenetic relationships of the hosts, reflecting a-esmlutionary pra@ess (Ochman,
Worobey et al. 2010 To better understand cevolution of the indigenous microbiota and

the mammalian host, Ley et al. anaid and evaluated feces of 60 mammalian species. The
results indicated not only diet, but also phylogeny to infloertbacterial diversity significantly
(Ley, Hamady et al. 20P8The fact that each mammalian species has ite aWaracteristic
microbiota points toward the existence of hespecific factors, which allow colonization and
composition in a speciespecific manner. A weitudied example demonstrating the complex
and highly specific interplay between microbe and hissthe beneficial symbiosis between

the Hawaiian Bobtail SquidE@prymna scolopg¢sand Vibrio fischeri a bioluminescent
bacterium that colonizes the squids light organ. The luminescencé. disheriat night

provides E. scolopesvith counterillumination camouflage that prevents the squid from
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casting a shadow on the ocean floor and protects its host from predators. At the same time,
V. fisheris provided with shelter and a stable source of nutrients delivered by the(Boses

and Nishiguchi 2004Newly hatched squids are horizontally colonized/bfisherioriginating

from the surrounding seawate(Nyholm and McFalNgai 2004 During the colonization
process, thehost secrets mucus, that can only be colonizedvbyisherivia its type IV pili.
Additionally, ciliated host cells within the light organ selectively draw the bacteria in and
promote their growth. Other bacterial species are actively rejected. Oncdighe organ is
sufficiently colonized by. fisherj the bacterium causes the ciliated host cells to die,
preventing other microorganisms from colonizativicFaltNgai and Ruby 1991This host
association causes lumineswe dependent morphological changes in the squids light organ.
V. fisheri produces and secrets an autoinducer that allows quorum sensing (density
dependent bacterial celtell communication), whereby the transcription of the lux operon is
activated once acertain concentration of bacteria is reached. This activation results in
bioluminescencgMiyashiro and Ruby 20)2During dawnE. scolopegjects 90% of the
A8YOA2UA0 o6FOGSNRI EYy Al LINRASIA NBRUKIR d&FSH\i
surfaces of epithelial cells start blebbing into the crypt spaces and are removed. The
epithelium restores, however, within hours after venting, allowing the remailinfisherito

grow and to recover its gmulation until dusKRader and Nyholm 20}).2

In contrast to speciespecific colonization by commensals in rmammalian species or the
well-studied field of speciespecific colonization by pathogens, such factors are kyide
unknown for commensal microorganisms in humans. Identification of-gpstific markers
utilized by commensal microbes would represent an important step toward the better
understanding of host colonization processes and the formation of characterigtiolmota

composition patterns in the human body.
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Figure 3:Gut microbiota composition of European children and African children from a rural

village with a diet high in fibréSimren, Barbara et 013

Hostspecific microbe colonization

Microbes usually enter théduman host via the digestive tract, the respiratory tract, the
conjunctiva, or the urogenital tract. Subsequent adherence to mucosal surfaces is a
prerequisite to establish a foothold in the human host. In general, the participation of two
factors is requied: an adhesin and aeceptor. The receptor normally is represented by a
eukaryotic cell surface structure such as specific carbohydrates or peptide residues. The
YAONROAIEf | RKSaAy Aa SELRASR 2y (KS YAONROSC
the host cell receptor. In hogiathogen interactions a distinction is drawn between
generalists, who can infect various species and specialists that exclusively colonize a single
host speciegBaumler and Fang 20L3Primeexamples for humamestricted specialists are
Haemophilus influenzae, Helicobacter pylori, Neisseria gonorrhoeae, Neisseria meningitidis,
Mycobacterium leprae, Salmonelld@yphi Streptococcus pneumoniae, Streptococcus
pyogenes, Vibrio choleragnd Treponena pallidum (Pan, Yang et al. 2014while some
pathogens such asegionella pneumophil&ampylobacter jejunbr Staphylococcus aureus

can infect various anima(Sakwinska, Giddey et al. 2Qdearlove, Cody et al. 20lBoamah,

Zhou et al. 201) Many bacterial adhesins target extracellular matrix (ECM) componeaits su
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as collagen, laminin, and fibronect{Ratti, Allen et al. 1994 Streptococcupyogenes for
instance, possess an extensive set of HiiMing adhesins including collagefaminin, and
fibronectin-binding proteins that allow the pathogen to cause respiratory tract infection as
wellass SOSNBE Ay FSOGAzya tA1S aSLIWAOSYALIZT ySONRI
syndrome by invading deeper tissu@&maguchi, Terao et al023 Brouwer, Barnett et al.
2016). Treponema pallidumthe causative agent of syphilis, interacts with fibronectin by
utilizing two treponemal proteins: M23B subfamily peptidase and TpQR8&rson, Baseman

et al. 1983Cameron, Brown et al. 20R4almonelld'yphi requies a type3 secretory system

1 (T3S9)-associated lipoprotein called InvH to attach to epithelial cells, but uses itslWpe

pili to bind tocystic fibrosis transmembrane conductance regulator (CFTR) protein for human
cell invasion(Altmeyer, McNern et al. 199Fier, Grout et al. 1998 Whereas the field of
pathogerhuman interaction is well studied and understood only little is known about
commensébacteria and the molecular mechanisms behind their host interaction. Commensal
microbes are known to interact with human glycoproteins to establish foothold in the human
body. One of the few well investigated examples would be the g&aateroideghat could

be shown to rely on a unique class of Polysaccharide Utilization Loci (PUL)-dhkkedo
commensalcolonizationfactors €cf). Deletion of theccfgenes in the highly abundant gram
negative gut bacteriunBacteroidedragilis results in a disturbeaolonization behaviour (S.
Melanie Lee, Mazmanian, 2013). To gain footh8ldfragilisis known tospecificallybind to
intestinal mucins of the human host (Huang JY1, Lee SM, Mazmanian SK., 2011). Mucins are
highly glycosylated proteins that are synthesized by epithelial host tissues. Some mucins are
membranebound due to transmembrane domains however the majorgysecreted and
represents the main component of intestinal mucus. Mucins have a protective function by
binding to pathogens and building a barrier for bacteria and fungi, thereby counteracting the
development of infections. Commenddeisseriaspecies (g. N. lactamicaand N. subflav

use a distinct colonization strategy. Expression of the adhesion molecule opacity associated
(Opa) protein that is localized in the outer membrane in high numbers and givepd3jiave
colonies an opaque appearance, albwthe interaction with members of the
carcineembryonicantigen-related cell adhesionmolecule (CEACAM) fam({ljjoleman, Aho et

al. 200). CEACAMs are highly glycosylated proteins that are expressed by epithelial,
endothelial and hematopoietic cells. They play a role duringawiiesion differentiation,

proliferation, and survivalln the human gut especially CEA (CEACAMS) is highly abundant. It
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is either membrane bound via @ycosyphosphatidyinositol (GPI) anchor, or it occurs in a
secreted form. Besides exclusively commemgikseriaalso microbes that reside within the
human host and are known to have opportunistic pathogenic behavior (dejsseria
meningitidis Haemophilus influenzaéldicobacter pyloi bind to CEACAM proteins in order
to colonize in a hosspecific manner. Since microl@EACAM interaction is mainly
investigated with regard to pathogens, further investigations will be required to define the

role of CEACAM proteins astpotial host factordor colonization by commensals.

The CEACAM family

Thecarcineembryonicantigenrelated cell adhesionmolecule (CEACAM) family is a group of
mammalian immunoglobulinelated glycoproteins. It belongs to thearcincembryonic
antigen (CEAfamily that is part of the immunoglobulin superfamily. The CEA family comprises
two subgroups: CEACAMSs, which are encoded by 12 géabbauser, Kammerer et al. 2005

and pregnancyspecificglycoproteins (PSGs), which are encoded by 11 genes in the human
genome(Teglund, Olsen et al. 1994 he members of both subgroups have a similar structure:
they consist of an aminterminal immunoglobulin variable (glike domain followed by
varying numbers of immunoglobulin constantdiike domains. While PSGs are soluble
proteins that are mainly xpressed by the placenta and secreted during pregnancy, the
majority of the highlyglycosylated CEACAM molecules are anchored to the membrane by
either a helical transmembrane domain oglgcosyphosphatdylinositol (GPI) anchdFigure

4) (Thompson, Grunert et al. 199Chang, Semyonov et al. 2013 hey are expressed by
epithelial cells, endothelial cells, as well as hematopoietic cells and can be found on various
tissues(Virji, Makepeace et al. 1996srayOwen, Dehio et al. 1997 CEA (EACAMS) is
exclusively expressed by epithelial cells, whereas CEACAM3, CEACAM4, and CEACAMS are
only present on the surface of neutrophil granulocytes. In contrast, CEACAM1 and CEACAMG6
are expressed in both, epithelial cells and hematopoietic ¢8lkubitz and Skubitz 20P8
CEACAMs are involved in diverse physiological events. Mdstipaite in the modulation of
general cellular processes such as cell adhesion, differentiation, proliferation, and survival
(Tchoupa, Schuhmacher et al. 201But some have a precise functional role like CEACAM16
that is involved in hearing and is exclusively expressed in the inngZkang, Miller et al.

2011), or the granulocyte receptor CEACAMS that initiates phagocytosis of certain bacterial
pathogens(Schmitter, Agerer et al. 2004To perform these functions, CEACAMs need to
transmit signals into the cell. CEACAM1 and CEACAMS3 possess a cytoplasmic domain, capable
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of signal transductio(GrayOwen and Blumberg 200Buntru, Roth et al. 20)2Several other
CEACAMSs only possess a GPI anchor and lack cytoplasmic domains, but are still able to

transduce signals by a yet widely unknown mechanism.

Interestingly, CEACAMSs are targeted by certain pathogenic bactetiatilize the molecules

as host receptors. Those microbes exploit the-lige domain of epithelial CEACAMSs
(CEACAM1, CEA, and CEACAMSG) to attach to the mucosal surface, whereby establishment and
maintenance of stable colonization of the human host iglifated (Swanson, Robbins et al.
1987. Binding by bacterial pathogens results in clustering of @EAGolecules and
subsequent induction of cellular responses including cytoskeleton rearrangement, gene
expression, enhanced cell adhesion, and endocyt@stsoupa, Schuhmacher et al. 2014
Modulation of host cell signals via the immunoglobulin superfamily receptors improves
mucosal surface colonization and enhances the chance for prolonged survivalthlihiost.

A prime example is the humamestricted pathogerNeisseriagonorrhoeae N. gonorrhoeae
expresses different Opa proteins that allow tight connection to CEACAM1, CEA, and
CEACAMG@This intimate binding enhances epithelial cell adhesion and alhitris oxic (NO),
produced by gonococci under microaerophilic conditions, to permeate epithelial cell
membranes. NO initiates a eukaryotic signaling pathway resulting in the upregulation of
components that enhance cathatrix adhesion. As a consequence,fodiation and
delamination of infected cells is efficiently suppressed, thereby creating stable foothold on
the mucosaMuenzner, Rohde et al. 200BMuenzner, Bachmann et al. 201Muenzner and
Hauck 2020 In addition, CEACAM engagement triggers gonococcal internalization into
epithelial cells an@dllows N. gonorrhoeado reach subepithelial space via transcytasisang,
GrayOwen et al. 1998
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Figure 4: Schema of human carcinoembryonic antigetated cell adhesion molecule
(CEACAM) family memberghe immunoglobulin variable ()glike domains are indicated by

red spheres, the immunoglobulin constant dike domains by blue spheres that build
disulfide bonds (%). Transmembrane domains are depicted by green spirals and GPI anchors

by green arravs. CEACAM20 exhibits only a partial-lke domain (N*). The heavy
glycosylation is indicated by black sticks. CEACAM1, CEACAMS3, CEA, and CEACAMG serve as

pathogen receptor molecules (Tchoupa, Schuhmacher et al. 2014).

CEACANMInding microorganisms

Due to their broad expression pattern on various host surfaces, epithelial CEACAMSs represent
an extraordinary advantageous molecular target for colonizing microorganismparasigm

for CEACANbinding microbes is the aforementioned graregative diplococcudNeisseria
gonorrhoeae As causative agent of the sexually transmitted disease gonorrhea, it causes 78
million cases per year worldwidBlewman, Rowley et al. 20).3ts high prevalence and rising
multi-drug resistance amonly. gonorrhoeadsolates makes it a serious and imminent threat

to human healthEyre, Sanderson et al. 2Q1B.. gonorrhoeaenainly colonizes the urogenital
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tract but can also cause infections in the eye, nasopharynx, and re®oble, Cooper et al.
1979 Lee, Choi et al. 200Danby, Cosentino et al. 20[L6The hallmak of male urogenital

tract infection by gonococci is an inflammatory response, during which massive amounts of
neutrophil granulocytes are recruited to the site of infectigRest and Shafer 1989
Subsequent shedding of colonized epithelial cells helps to remove the neisserial invader.
While gonococcal infectiomn men is mostly accompanied by extensive inflammation, in
women gonorrhea more often takes course with only subclinical symptoms. Unnoticed
gonococcal infection can lead to pelvic inflammatory disease (PID) that can provoke infertility,
ectopic pregnancygchronic pelvic pain, and cancé€han, Seraj et al. 199&€hang and
Parsonnet 2010 Mitchell and Prabhu 2033 N. gonorrhoeaecan also cause neonatal
O2ye2dzy OGABAGAE o6& AYTFSOGAy3 (He Dirthochnalzlem S& S3
untreated, the infection can result in blindness of the infg&andstrom 198) In addition,
neisserial infection increaseise susceptibilitto humanimmunodeficiencyirus (HIV), as the
massive inflammatory response during gonococcal colonization impairs mucosal integrity
(Chen, Boulton et al. 2003

Neisseriaspecies exhibit 10 to 11 loci in their genome encoding for different Opa variants
(Connell, Shaffer et al. 199@empsey, Litaker et al. 199Bhat, Gibbs et al. 19920pa
proteins share the common structure of an outer membranbarrel comprised of eight

Iy (A LI--$tcantist liBked by four extended extracellular loofdalorny, Morelli et al.
1998. One of those four loops is highly conserved between Opa proteins, another loop is
semtvariabk, and two loops are highly variable due to frequent homologous recombination
whereby parts of the variable loops are exchanged between different opdBoek, Ison et

al. 2009. In addition to genomic variation, the number of egpsed Opgroteins within one
population can differ strongly due to phase variation. The basis forms a pentameric repeat
4S1ljdz2Sy0S o/ ¢/ ¢¢0 oA 0KAapAgede&(Sternp Browd et RIA 1096 NI I A 2
Depending on the number of repeats, the opa gene is in frame and therefore expressed.
Alternatively, a premature sp codon leads to translation of a ndanctional protein. Phase
variation allows adaptation to rapidly changing environments and occurs at a frequency of 10
3 in opa genes, generating a heterogeneous population of gonococci expressing a random
combinationof multiple Opa proteins, only one single Opa protein, or none afMslyer

1982. This flexibily is highly advantageous for immune evasion and therefore increases the

virulence ofN. gonorrhoeaenormously. The importance of Opa proteins in host environment

-30-



General Introduction

is highlighted by studies where Opagative gonococci grown in culture medium were
introduced into male volunteers. Subsequent reisolation from the urethra revealed
domination by OpapositiveNeisseriaconfirming a clear selection for the opaque phenotype

in vivo(Swanson, Barrera et al. 198&rse, Cohen et al. 1994

Another species of the genideisseridghat exploits epithelial CEACAMs for colonization is the
opportunistic pathogerNeisseria meningitidislt inhabits up to 10% of the human population

as commensal microbe but as soon as it starts to disseminate in the human host, it causes
rapid advancingnd severe forms dife-threatening septicemia and meningitideVoe 1982
Apicella 2019 In contrast to gonococci, meningococci colonize the mucosal surface of the
upper respiratory tract and express only up to four different Opa protéchtman 1995

Virji 1999. Infection of CEACANumanized mouse models expressing different CEACAM
molecules revealed that expression of human CEACAM1 was essential to establish intranasal
colonization.In vivo,phase variants that expressed CEACAIdécific Opa proteins were
favored because they allowed mucosal attachment and invasion into the subepithelial space.
In line with this finding, Opdeficient meningococci were unable to colonize CEACAM1
expressing noe (Johswich, McCaw et al. 2013As nentioned above, the expression of
CEACAMInding Opa proteins is not restricted to pathogenic representatives of the genus
Neisseriabut can also be found in the commensal spedieslactamicaand N. subflava
(Toleman, Aho et al. 2001

Haemophilus influenzaés a gramnegative,humanrestricted pathogen that resides within

the human nasopharynx alongside with. meningitidis.As a commensalH. influenzae
asymptomatically colonizes the mucosal surface of the upper respiratory tract. Under certain
circumstances such as immunodeficiency, virus infection, or very young age, it can cause local
or even systemic infections such as otitis media, conjunctivitissamusitis as well as severe
meningitis(Rao, Krasan et al. 1998grawal and Murphy 203 NorskovLauritsen 2014Van
Eldere, Slack et al. 201L4_ikeNeisseriaH. influenzaanteracts with epithelial CEACAMSs to
colonize the human hogBookwalter, Jurcisek et al. 200For this pupose, the bacterium

S E LINS &-Bafel shapediadhesin, theuter membraneprotein P1 (OMAP1)(Tchoupa,
Lichtenegger et al. 20)50MPP1 is a homolog to the FadL fatigid transporter found irk.
coliand consists of 14 antipar8lif -strands connected by seven extended extracellular loops.
Analogous to gonococcal Opa proteins, the extracellular loops dictate the interaction with the

Igv-like domain of CEACAM proteins. Mékinfluenzaestrains associate with CEACAM1, and
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some bird to CEA but so far onl. influenzadiotype aegyptiusis known to interact with the
granulocyte receptor CEACANIRhoupa, Lichtenegger at. 2015.

Moraxella catarrhalis the main causative agent of purulent conjunctivitis and sinusitis in
adults or otitis media in children, also belongs to the community of respiratory tract inhabiting
CEACAMbinders (Hill and Virji 2008p Ly O2 y (i-bdrrél ddhedir? oNéigseSiaand
Haemophilus M. catarrhalis expresses a structurally distinct adhesion protein: the
homotrimeric ubiquitous surface protein A1 (UspALL(Hill and Virji 2008 UspAl1 monomers

consist of an extracellular amirio S NJY Asjfdetbased globular head domain, followed by

and 2y 3 GSR adrt] NBIA2Yy (GKFG € Ay dbarieKis KSI R
structure allows the formation of a stable docking platform more distant from the bacterial
membrane(Hill, Edwards et al. 200¥oretke, Szczesny et al. 200Bespite the structural
disparity to Opaproteins, UspAl targets the same amitewsminal region of CEACAMs
(Villullas, Hill et al. 2007

Additionally, pathogeni&scherichia codtrains, such adiffusely adheringE coli (DAECand
adherent-invasiveE coli (AIEC)exploit epithelial CEACAMs. DAEC contribute to urinary tract
infections and exhibit Afa/Dr fimbriae to mediate CEACAM interagtiangnot, Peiffer et al.

2000, Guignot, Hudault et al. 200® Ly O2 y (i NI a (i ZasdbdatedE/coli@r&iry Qa RA
AIEC expresses FimH, a common type | pilus adhesin, to colonize the intestinal mucosa via
CEACAMbinding(Carvalho, Barnich et al. 200%equencing of different AIEC strains isolated
fromNRP Ky Qa RAAaSIFAaS LI GASyda finNens MieSRnuthtidns y G Y d
enhanced the ability to adhere to CEAGAkpressing epithelial cells, highlighting the
selection for pathoadaptive changes in bacterial pathog@rsux, Denizot et al. 2013

Helicobacter pylorinhabits the upper gastrointestinal tract of more than 50% of the human
population (Hooi, Lai et al. 20)7 As an opportunistic pathogen, it can cause chronic
inflammation, thereby promoting the development géstric ulcer disease and gastric cancer
(Salama, Hartung et al. 201 Bielicobactecould be shown to depend on the outer membrane
adhesin HopQ that mediates tight association with the gastric epithelium by interacting with
CEACAML1. This interaction is essential for translocation oftHtheyloritoxin CagA into
epithelial host cell§Belogolova, Bauer et al. 201Bavaheri, Kruse et al. 2018 he recently

solved crystal structure of HopQ in complex with théekminal Ig-like domain of CEACAM1

NB @S| f Shairpiti iks®rtioh in HopQ's extracellular 3+4 helix bundle domain to be
importl Vi F2NJ 0 A¥RNIWVAR A 2/ I K/Sfade) -€CCEACAWR In@restingly, Q C D
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this CEACANNteraction side is shared by other adhesins such as Opa proteins or UspAl,
although they are structurally unrelated and have evolved independ€Btinsor, Zhao et al.
2018 Moonens, Hamway et al. 2018

Fusobacterium nucleatunts a gramnegative, anaerobic inhabitant ofi¢ human oral cavity

and is involved in periodontal diseases. Through a homotrimeric autotransporter adhesin, the
CEACAMinding protein of Fusobacterium (CbpF), it mediates binding to CEAC@vEwer,
Dymock et al. 2009 The head domain of CbpF consists of aleft Y R-8eRx ahd possesses

a hydrophobic and highly conserved SSAk&sequence allowing the formation of a trimeric
i-NRff KSIR® ! ySO1 NBIA2Y -hélidey, Which oikaBourgaBhr R (i 2
other like known for the stalk region of UspAl, the CEA®KMing adhesin oMoraxella
catarrhalis(Brewer, Dymock et al. 2019

For a long time CEACAIhding appeared to be an exclusifeature for certain members of
gramnegative bacteria. However, the yeaSandidaalbicans revealed CEACANInding
qualities as well and therefore represents the first eukaryote in the community of CEACAM
interacting microorganism@&laile, Muller et al. 2007 As an opportunistic pathoge@andida
albicangs part of the normal human microflora. However, under predisposing conditions such
as antibiotic therapy or in immunocompromised patients it can cause infections regithm
superficial and local up to systemic infections associated with an elevated morbidity and
mortality rate (Eggimann and Pittet 20)4To date, it is unknown if CEACAM interaction
provides an advantage in regard to host colonization or pathogenicity and by which means
Candida albicansinteracts with human CEACAMs. Some experiments hot ah
immunoregulatory function and binding by a proteinacedbandidacomponent, but the
specific molecular mechanism has yet to be elucid€kdile, Muller et al. 2007

The convergent evolution of highly diverse CEA@#Ming adhesins in humarestricted
pathogens and members of the human microbiotadarlines the benefits those organisms
gain by interacting with the receptor family. Exploiting epithelial CEACAMs allows the
establishment of host colonization, suppression of epithelial exfoliation, and modulation of
immunological processes. However slaidvantageous strategy comes at a significant cost, as
those microbes become susceptible to the detection by the granulocyte receptor CEACAM3

(discussecaxtensively in chapter.l)
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Aim of study

Several humadmestricted microbes exploit members of the CEACAM family to colonize
mucosal surfaces of the human host. Currently, the majority of the identified CEADAIMg
microorganisms are pathogenic gramgative bacteria such akleisseria gonorrhaee,
Neisseria meningitidisas well as the opportunistic pathogendloraxella catarrhalis
Haemophilus influenzaeand Helicobacter pyloriBut also innocuous commensals such as
Neisseria lactamicand Neisseria subflavagr the opportunistic pathogenic yea€andida
albicanswere shown to interact with CEACAMs. Microbe overgrowth, infiltration of deeper
tissues, or dissemination can cause severe infections. To control CERGAM)
microorganisms, the human host provides a specialized defense moleculemnofothe
granulocyte specific innate immune receptor CEACAM3. CEACAM3 recognizes and captures
microbes by their CEACAfdrgeting adhesins and triggers rapid, opseimdependent
phagocytosis. This study focuses on the molecular details of pathogen recondpyi variants

of the innate immune receptor CEACAM3 and tries to unravel the role of CEACAMs in general

as receptors for commensal bacteria.

l. In the first chapter a review is provided, which summarizes the current state of the art with
respect toCEACAMS. Its unique properties including structure and function are highlighted

and its emergence during primate evolution is discussed.

Il. Subsequently, the evolutionary course of CEACAM3 within the primate lineage was
addressed. Genome comparison reehlthat CEACAMSs, and in particular CEACAM3, are
amongst the fastest evolving genes within the human genome. To evaluate the consequences
of sequence variations we intended to compare nucleotide sequences of CEACAMS3 genes
derived from different primate speées andanalyz them functionally in biochemical and
cellular assays. It was of particular interest to understand, how some pathogen adhesins such
as certain Opgoroteins of N. gonorrhoeaeor OMPP1 ofH. influenzaeaccomplish to bind
CEACAML1, but avoidaegnition by CEACAMS3. These studies directly led to the question, if
particular alleles of CEACAM3 found in distinct human populations determine adhesin
CEACAMa3 interactions, which should be investigated by additional biochemical and functional

assays.
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[ll. The opportunistic pathogenic yea§andida albicansvas identified to interact with
epithelial members of the CEACAM family. We asked, if this ability is spedicdimicansr

if other yeast species residing within the human host can utilize thept®®r family as well.
Additionally, we investigated €. albicansecognition by the immune receptor CEACAMS3 can
initiate immune response. As the yeast ligand for CEACAMS3 is currently unknown, we wanted
to employ unbiased biochemical and genetic appraacho identify the CEACAMS3 target

structure on yeast cell surfaces.

IV. The fact that each mammalian species has its own characteristic microbiota points toward
the existence of hosspecific factors, which determine colonization and composition in a
specesspecific manner. For commensal microorganism such factors are widely unknown. In
contrast, structures and strategies responsible for kgscific colonization by human
restricted pathogens are well studied and provide a starting point for investigaiéa
hypothesize that epithelial members of the CEACAM family are utilized by different gut
bacteria to establish host specific colonization. Therefore, weedito identify CEACAM
binding @mmensals that subsequently should bealyzd for their ability to colonize cell

surfaces in a CEACAMpendent manner.
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Chapter F Abstract

Abstract

Phagocytosiss one of the key innate defensemechanismsexecutedby specializedcellsin
multicellular animals. Recent evidence suggeststhat a particular phagocytic receptor
expressedy humanpolymorphonucleagranulocytesthe carcinoembryoni@antigenrelated
cell adhesionmolecule3 (CEACAMS3)s one of the fastestevolvinghuman proteins. In this
focusedreview we will try to resolvethe conundrum,why a conservedprocesssuch as
phagocytosiss conductedby a rapidly changingreceptor. Therefore,we will first summarize
the biochemicaland structural details of this immunoglobulinrelated glycoproteinin the
context of the human CEACAMamily. The function of CEACAM®or the efficient, opsonin
independentdetectionand phagocytosi®f highlyspecializedhost-restrictedbacteriawill be
further elaborated.Takinginto accountthe decisiverole of CEACAMB# the interactionwith
pathogenicbacteria,we will discusghe evolutionarytrajectory of the CEACAM8enewithin
the primate lineageand highlightthe consequencesf CEACAM3polymorphismsin human
populations Fromasynopsi®of thesestudies CEACAM8mergesasanimportant component
of humaninnateimmunity anda prominentexampleof a dedicatedreceptorfor professional

phagocytosis.

Introduction

The ability to detect and phagocytosemicrobesis vital to protect multicellular organisms
against dangerousinfections. In mammals, this important function is accomplishedby
dedicatedimmunecells,the so-calledprofessionaphagocytesencompassingnaciophages,
dendritic cellsand polymorphonucleagranulocytefPMNSs).Theycarry out phagocytosivia
two distinctmechanismsOnthe one hand,they perform opsonirindependentphagocytosis
by utilizing receptors such as mannosereceptor, scavengemreceptor, SiglecsDGSIGN or
Dectinl, which directly recognizeand bind microbial surfaceswhich exposecharacteristic
molecularpatterns,suchasglycanstructureswith terminalmannoseor sialicacidresiduespor
fungali -glucangUnderhilland Ozinsky2002 Croder, Paulsoret al. 2007. Goyal,Castrillon
Betancuret al. 2018). Assuchtypesof glycansarefound on variousmicroorganismsincluding
bacteria,fungi, aswell asprotozoa,and canalsooccuron endogenousstructures, opsonin
independentreceptorsoften havea broad and diverserangeof ligands.Onthe other hand,
professional phagocytes are capable of performing opsonindependent phagocytosis.

Prominentopsonindependentreceptors are complement or Fcreceptors,which require
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prior coatingof particleswith hostderived complementcomponentsor specificantibodies
before they are able to initiate phagocytosigJoshi,Butcharet al. 2006 Nimmerjahnand

Ravetc2008 DegnandThiel2013. Therefore ppsonindependentreceptorscanbetargeted
towardsspecifiomicrobes but they cannotsupportphagocytosis situationswhereopsonins
areeither not presentor wheretheyfail to markthe microbialsurface for examplein the case

of antigenicallyvariableor encapsulatednicroorganisms.

Recentwork hasindicated,that at leastin primates,a third group of specializedhagocytic
receptorsoperates,which combinespathogenspecificdetectionwith the immediateaction
of opsoninindependentreceptors.Theparadigmfor this type of phagocytiaeceptorsis the
carcinoembryonicantigenrelated cell adhesion molecule 3 (CEACAM3)CEACAM3s a
receptor of the immunoglobulin(lg) superfamilyand a member of the CEAsubfamilyof Ig-
domain containing cell adhesionmolecules(IgCAMs)Fiagire I-1). In humans,CEACAM3s
selectivelyexpressedby PMNs and plays a prominent role in the opsoninindependent
detectionand elimination of a smallset of humanrestricted bacteria.In this review, we will
place CEACAM® the context of a growinglist of bacterialpathogensexpressingCEACAM
bindingadhesinsanddiscusghe biochemicakndfunctionalevidencethat this receptorisan
effectivephagocytosisnitiating protein and granulocyteactivator.Further,we will elaborate
the evolutionarytrajectory of the CEACAM8enewithin the primate lineageand discusghe
significance of human CEACAM3polymorphisms, which appear to accommodate the

recognitionof variable bacterialsurfaceantigens.

CEACAM family members and their role as microbial targets

Upon the identification of carcinoembryoniantigen (CEA)s a prominent surfaceprotein
expressedy humancolon carcinomasijt wassoonrealizedthat antibodiesdirected against
CEAreact with numerousother proteins, especiallyon granulocytes(Gold and Freedman
1965 GoleskiRuleet al. 1972. Accordingo their apparentmolecularweights,theseproteins
were initially termed non-specificcrossreactingantigen (NCA)-26, -50, -90, -95, and -160
(Kuroki, Matsuo et al. 1990. Screeningof a human leukocyte cDNAlibrary with a probe
derivedfrom NCA50 uncoveredseveralranscriptsincludingcloneW264containinga 1,259
basepair insert (Kuroki,Arakawaet al. 1991). Theinsertencodeda 252 amino acid protein,
whichwasdesignatedCarcinoembyonicGenefamilyMemberla(CGM1lagandlater grouped,

due to its reactivity with monoclonalantibodies,into the CD66cluster of differentiation.
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Beside<CGM14CD66d)the CD6GantigenscomprisebiliaryglycoproteilBGPCD66a)CGM6
(CD66b)NCAS50(Cp6C),and CEACD66€)whichshare69-92%aminoacidsequenceadentity
in their aminoterminal immunoglobulinvariable(lg,)-like domainswith CGM1aBenchimol,
Fukset al. 1989 Oikawa,nuzukaet al. 1989 Kuroki,Arakawaet al. 1991, Oikawa Inuzukaet
al. 1991). Superpositionof known crystalstructuresof CEACD66a,and CD66aevealsthat
these sequencesimilaritiesalso translate into high structural conservationbetween these

proteins(Bonsor,Zhaoet al. 2018 Moonens,Hamwayet al. 2018

Thegrowingawarenesf the complexityof the CEAfamily necessitateca major revisionof
the nomenclature,which led to CGM1a(CD66d)being renamed CEACAM3(Beauchemin,
Draber et al. 1999 (for current and former nomenclature of CEACAMamily members
discussedn this review, pleaseconsultFigure I-1). While CEACAM®anscriptsand protein
haveonly beendetectedin humangranulocytesand myeloidleukemiacells,the other closely
related CD66antigensare either widely expressedon epithelial and hematopoetic cells
(CD66a/BGP/CEACANS well as CD66cNCA50/CEACAMGYDr exclusivelyexpressedby
mucosalepithelial cells (CD66e/CEA/CEACAMBhompsonand Zimmermannl988 Nagel,
Grunertet al. 1993 Kuroki, Yamand&a et al. 1995). Furthermore, CEACAM& distinct from
other CD66antigensin that its extracellularpart doesonly comprisea singlelg-like domain
andlacksadditionallg constant(lgo)-like domains,whichare presentin varyingnumbers(2-6
Igc-like domains)n CEACAMXEACAMBNd CEACAMEigure I-1) (ThompsonGrunertet al.
1991). Thisshort stature of CEACAM®ight alsobe the reasonwhy this receptor doesnot
participatein bindinginteractionswith other CEACANamilymembersasthe Igc-like domains
canstabilizecis andtrans-interactionsbetween CEACAMXtracellulardomainsand thereby
contribute to cellcell adhesion(Zhou,Fukset al. 1993 Watt, Teixeiraet al. 2001). Indeed,
CEACAMICEACEACAMGr CEACAM@&ngagein CEACAMCEACANNteractionswith each
other to supportcellcellbinding(BenchimolFukset al. 1989 Zhou,Fukset al. 1993 Teixeira,
Fawcettet al. 1994 Wikstrom,Kjellstromet al. 1996 Watt, Teixeiraet al. 2001).

As CEACAMZRIloes not participate in these binding interactions, what could then be the
function of this particular CEArelated protein on professionalphagocytes?Clearly, the
physidogical role of CEACAMZan only be reconciledin light of the fact that several
pathogenicbacteriaand fungi take advantageof epithelial CEACAMass preferred docking
siteson the mucosa(for review see(Tchoupa,Schuhmacheet al. 2014)). Indeed,a growing

list of pathogenshasbeen found to expressdedicatedadhesinsto specificallyconnectto
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humanCEALAMfamilymemberswhichare exposedon the apicalsurfaceof humanepithelial
cells such as CEACAM1CEA,and CEACAMG6These microorganismscomprise Neisseria
gonorrhoeae(causativeagent of the venereal diseasegonorrhea) Neisseriameningitidis
(bacterial meningitiy, Haemophilus influenzae (pneumonig bacterial meningitig,
Haemophilus aegyptius (purulent conjunctivitiy, Helicobacter pylori (chronic gastritis,
stomach cance), Moraxella catarrhalis (otitis media, sinusits), Fusobacteriunnucleatum
(periodontaldiseasg, pathogenicEscherichizoli strains(AdherentinvasiveE.colj Diffusely
adherent E.colj involvedin / NEB KDJs€éxnag and the yeast Candidaalbicans(candidiasis,
systemidnfectiong (Chenand Gotschlichl996 Virji, Makepeaceet al. 1996, Virji, Watt et al.
1996 Hill and Virji 2003 Berger,Billkeret al. 2004, Barnich,Carvalhoet al. 2007 Tchoupa,
Lichteneggeret al. 2015 Koniger,Holstenet al. 2016 Klaile,Muller et al. 2017 Brewer,
Dymocket al. 2019. It isimportant to mention, that almosteachof thesepathogensemploys
astructurallydistinctadhesiveprotein to bind humanCEACAMa&nplyingthat thesebacterial
adhesindaveevolvedindependentlymultiple timesin a strikingform of convergentevolution
(Malorny, Morelli et al. 1998 de Jonge Boset al. 2002 ConnersHill et al. 2008 Korotkova,
Yanget al. 2008 Tchoupa,Lichteneggeret al. 2015 Bonsor,Zhaoet al. 2018 Moonens,
Hamwayet al. 2018). Evidently there mustbe strong,but not necessarilya uniform selection
pressure on these microorganismsto develop CEACAMbinding adhesins. Severalnon-
mutuallyexclusiveexplanationshavebeenput forward to explainthis exceptionabpreference
of distinct pathogenicmicrobesto engagehuman CEACAM®Onefinding relatesto the fact,
that CEACAM1he target of alargefraction of theseadhesinsjsalsoexpressedy T cellsand
that major CEACAMIsoforms have a negative regulatory role in T cell stimulation and

proliferation (reviewedin (GrayOwenand Blumberg2006)).
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4 )
Domain structure of selected CEACAM family members

CEACAM1 CEACAM3 CEACAM4 CEACAMS5  CEACAMG
(BGP) (CGM1) (CEA) (NCA-50)
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Figurel-1: Schematiadrawingof selectedmembersof the human CEACAMamily. Schematic
outline of several members of the human carcinoembryonicantigen (CEAYelated cell
adhesion molecule (CEACAMYeceptor family. All CEArelated proteins belong to the
immunoglobuin (Ig) superfamilyand are characterizedby the possessiorof a homologous
aminoterminal Ig variable(lgv)-like domain,which is depictedin the caseof CEACAMasa
renderedprotein surfaceaccordingo (Bonsor,Zhaoet al. 2018). Theblue circlesindicatethe
lgv-like domains of CEACAM®ther than CEACAM3while the blue octagons indicate
additionallg constant2 (Igc9-like domainsoccurringin different numbersin particularfamily
members.Thetransmembranehelicesof CEACAMICEACAM3nd CEACAM4onnectthe
extracelluladg-domainswith functionalITIM(CEACK 1), ITAMIlike (CEACAM3dr consensus
ITAM sequenceCEACAM4GPianchorsof CEACAMS/CE#and CEACAM@Gre depictedin

gray.
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A secondhypothesisis basedon the fact that a unifying theme for all CEACAMinding
microbesistheir outstandingability to colonize pften throughoutthe lifespanof anindividual,
the mucosalsurfaceof either the nasepharynx.the gastrointestinal,or the urogenitaltract.
Therole of CEACAMNgagementin mucosalcolonizationhasbeen best worked out in the
caseof N. gonorrhoeaeand N. meningitidisand demonstratedthat both microbesgreatly
profit from tight associationwith CEACAMsyhich facilitates successfuhost colonization
(Muenzner,Bachmanret al. 2010 JohswichMcCawet al. 2013 Islam,Anipindiet al. 2018).
Aside from their role as a handle by which to anchorto the mucosalepithelia, CEACAM
engagementllowsthe bacteriato suppresshe exfoliation and delaminationof superficial
epithelial cells,thereby creatinga stable foothold on the mucosa(Muenzner,Rohdeet al.
2005 Muenzner,Bachmanret al. 2010 Muenzner,KengmaoTl choupaet al. 2016). It becomes
obviousthat pathogenscanimmenselyprofit, potentially in multiple ways, from engaging
CEACAMan epithelialcellsandthis nicelyexplainghe prevalenceandindependentevolution
of CEACAMinding adhesinsamongst human pathogens.However, why is it then that
humansrarelysuccumltto gonococcainfectionor developsevereformsof diseaseafter being
colonizedby N. meningitidisor Helicobactepylori, whichare presentin alargefraction of the
healthy population?Indeed, CEACAMinding pathogenssuchas Fusobaterium nucleatum
Moraxella catarrhalis Neisseriagonorrhoeaeor Helicobacterpylori, despite being able to
efficiently colonizethe humanmucosajrarely or only in a minority of the casedeadto fatal
diseaselt is exactlyin the context of this scenariothat we can now appreciatethe role of
CEACAM3 CEACANBamily memberthat doesnot participatein cellcellinteractions,but is
presenton the surfaceof professionabhagocytesin particular,the capacityof CEACAM®
trigger rapid phagocytais of attached particlesand to activate bactericidalmechanismsf
granulocyteswill be discussedn the next sections,asthesefeaturesprovide major cluesto

understandthe specializedunction of this protein.

CEACAMnitiated signal transduction lading to phagocytosis

/9! /1aoQa y20r0ftS aidlGdza 6AGKAY GKS /9! /!l a ¥
domain and its celtype specific expression pattern, but is also based on a particular sequence

motif within its cytoplasmic domain. Similr the prototypic opsonirdependent phagocytic

receptors of the Fc receptor family, the carbeeyminus of CEACAM3 encompasses an

immunoreceptor tyrosinédased activation motif (ITAM) (see for revigWeiss and Littman
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1994). To be more precise, the motif found in CEACAMS3 does not conform perfectly to the
consensus ITAMXEx7)D/ExxY xxl/Lxg)YxxI/I), but resembles an ITAlke motif, where the
carboxyterminal leucine/isoleucine residue is substituted by methioni@aen, Bollaneét al.

2001; McCaw, Schneider et al. 20@untru, Roth et al. 2092The presence of this motif and

the expression in professional phagocytes already indicates that CEACAM3 might be involved
in phagocytosis of CEACANhding bacteria. For several CEAGKiNding pathogens,
granulocytes play a major role during symptomatic disease. For example, the puruleatex
containing numerous granulocytes with intracellular, graggative diplococci is a diagnostic
hallmark of gonorrheaRigure 12 A and B). It has long been known that gonococci, which
express a CEACAMding adhesin, are recognized and phagocytodad human
granulocytes in an opsonindependent mannerKigure 42 C), while isogenic strains lacking

a CEACAMInding adhesin are hardly recognized under these conditi@sen and
Gotschlich 1996Virji, Makepeace et al. 199&rayOwen, Dehio et al1997 GrayOwen,
Lorenzen et al. 199Hauck, Meyer et al. 1998Despite the presence of other CEACAM family
members such as CEACAM1 and CEACAMG6 on the granulocyte surface and despite the fact
that CEACAMS is expressed at low levels, CEACAMS is thdrmig force behind this rapid

and efficient opsoniindependent phagocytosiSchmitter, Agerer et al. 2004Evidence for

the prominent role of CEACAM3 comes from pharmacological, biochemical, genetic, and
microbiological approaches: inhibitors that affect CEACAM1 and CEA@AM&ed uptake

in transfected cell lines (suchs cholesterctepleting agents) do not interfere with the
opsoninindependent phagocytosis of CEAGAMding bacteria by granulocytéSchmitter,

Pils et al. 200)7 while inhibitors or blocking antibodies selectively affecting CEACAMS3
mediated uptake in transfected cell lines also disrupt this process in granul@GreasOwen,

Dehio et al. 199) Interference with CEACAMDecific binding partners or signaling processes
by transduction of primary human granulocytes with dominaegative variants also severely
compromises the ogoninindependent uptake of CEACANhding bacteria. Selective
expression of CEACAM3, but not CEACAM1 or CEACAMSG6, in murine promyelocytic cells can
recapitulate major features of neutrophil activation in response to CEAGIANMNg bacteria

such as oxidater burst and degranulatiorfSarantis and Gra@wen 2012 Furthermore,
microbes expressing particular fagsins, which bind CEACAM1, but not CEACAMS3, are hardly
phagocytosed by primary human granulocytes in the absence of ops(itatis, Mattheis et
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al. 2013. Therefore, the immediate and dramatic phagocytic response of human granulocytes

exposed to CEACADInding bacteria candomainly attributed to CEACAM3.

Il ydzYoSNJ 2F aA0GdzZRASA KIF @S I RRNBaaSR (GKS Y2t SO
trigger opsoniAndependent phagocytosis. Most of these investigations, conducted with
either transfected human cell lines or primary human granulocytes, havagubtowards a
major role of the ITAMike motif for CEACAMS3 functionality in phagocytosis. For example,
phosphorylation of the tyrosine residues within this motif-230/Y-241) is critical for
CEACAMitiated phagocytosis, as mutation of either tyrosine a phenylalanine
significantly decreases internalization and mutation of both residues results in an additive
effect (Chen, Bolland e&l. 2001 Billker, Popp et al. 2002McCaw, Schneider et al. 2003
Schmitter, Agerer et al2004). Interestingly, a single tyrosine to phenylalanine mutation
completely blocked phosphorylation of CEACAMB8Caw, Schneider et al. 2003Whether

this points to a cooperative phosphorylation mechanism requiring both tyrosine residues or is
due to inadequate sensitivity of the assay is unclear. Besides the-likANhotif, additional
structural elements within the cytoplasmic domain pos$gitontribute to phagocytic signaling

as the CEACAM3 Y230F/Y241F double mutant exhibits residual phagocytic activity compared
to variants, which lack the complete cytosolic domésillker, Popp et al. 2&) McCaw,
Schneider et al. 2003In contrast to CEACAM1 and CEACAMG6, cholestehomembrane
domains (lipid rafts) do not seem to contribute to CEACAMRliated phagocytosis, as the
CEACAM38ependent internalization of bacteria is insems? to severe cholesterol depletion,

e.g. by methyl -cyclodextrin(Schmitter, Pils et aR007, Muenzner, Bachmann et al. 2008
Voges, Bachmann et al. 2Q1# has beerproposed that a Y to F mutation in the ITAM motif
generates a recognition motif for AR which could support an endocytic mode of
internalization (McCaw, Schneider et al. 2003However, regular endocytosis via -AP
initiated, clathrincoated vesicles has an upper size limit of 200 ¢i®ejman, Oberle et al.
2004), implying alternative endocytic processes uporketien or mutation of the CEACAM3
ITAMIike sequence. Though it is currently unknown, which specific cellular processes guide
the residual, ITAMndependent internalization of bacteria, the ITAddpendent events upon

CEACAMB3 stimulation have been extenlgiwamalyzed.
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Figure 12: Granulocytes respond td\eisseria gonorrhoeae(A,B) Gram stain of cervical
smears fromN. gonorrhoeagnfected women. Even at low magnificati¢i)the presence of
granulocytes (arrowheads) and detached epithelial cells (asterisk) can be readily defByted.
At higher magnification, granulocytes with phagocytosed diplococci (arrow) as well as
extracellular bacteria are visibl€C) Scanning electromicroscopy highlights the massive
lamellipodia (arrowheads) induced on isolated primary human granulocytes upon exposure to
CEACAMBINdingN. gonorrhoeadasterisk).

Genetic, biochemical, and pharmacological evidence supports a major rikm&ses of the

Src family in CEACAMS3 phosphorylatieiggre 413 A). Indeed, the local clustering of CEACAM3
by the multivalent bacteria triggers recruitment and activation of several members of the Src
family tyrosine kinases, including Hck and Fgr imgiacytes, while in transfected cell lines
Src, Yes and Fyn might take over the respective (tadick, Meyer et al. 1998cCaw,
Schneider et al. 200&chmitter, Pils et al. 200Buntru, Zimmermann et al. 200Due to acy!
modification, Src family kinases are constitutively associated with the cytoplasmic leaflet of
membranes and are therefore in a prime pasit to initially phosphorylate the ITAM tyrosine

residues. Although the tyrosine kinase Syk is also recruited to nascent gonoantaning
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phagosomes in an ITANependent fashion, pharmacological inhibition of Syk did not reduce
bacterial internalizatia (Saantis and GrayOwen 2007. Only when polystyrol beads larger

than 5 um (a typical gonococcal diplococcus is abetuin in size) were coated with anti
CEACAM IgG and used as bacterial surrogate, Syk augmented internalization. The fact that Syk
facilitates phagocytosis depending on particle size is not unique to CEACAM3 as the same
LIKSYy2YSy2y KIF a oS Swyedis?ed ph8gediitSsRCrowiRyNLostallo av al.

1997). Therefore, Syk is dispensable for internalization of gonococci, but it clearly does
promote downstream bactericidal activity by enhancing the oxidative burst, degranulation

and the NFF -mediated inflammatory reponse(Sarantis and Gra@wen 2007.

Upon phosphorylation, the ITAllkke motif in CEACAMS3 creates a platform for effectors that
drive cytoskeletal remodeling required for phagocytic cup formatibigyre 13 B). The
adaptor molecule Nck binds CEACAM3 in a phosphoryldépendent manner via its SH2
domain and recruits the WAVE2 complex to sites of bacterial attachiff@lst Kopp et al.
2012. WAVEZ2 is part of a multiprotein complex that activates ArpB&liated actin
nucleation, which drives lamellipodia extension (reviewe(Raugerie, Miskolci et al. 2003
Indeed, ablation of Nck or inhibition of WAVE2 impedes lamellipodia formation and bacterial
uptake (Pils, Kopp et al. 20)2The WAVE2 complex iscaincidence detector, which is
activated by the local and temporal-@@currence of protein tyrosine phosphorylation, acidic
phospholipids and activation of the small GTPase (Rabensohn and Kirschner 2009
Importantly, all of these events are concomitantly initiated by CEACAM3 engagement. Acidic
phospholipids such as  phosphatidylinosi{8)4,5)trisphosphate (Pl  and
phosphatidylinosite{3}phosphate (FP) sequentially accumulate at the phagocytic cup
during engulfmen{Booth, Telio et al. 20Q3McCaw, Liao et al. 200¥oges, Bachmann et al.
2012. WAVE?2 activation strictly depends on the recruitment of the small Rho GTPase, Rac,
which is crucial for remodeling of the cytoskelei{@it and Manser 20)1indeed, Racl is also
essential for CEACAM#Bediated phagocytosis and is locally and transiently activated at the
phagocytic cugHauck, Meyer et al. 1998illker, Popp et al. 200&chmitter, Agerer et al.
2004). Activation of Rac is catalyzed by specific guanine nucleotide exchange factors (GEFs)
that exchange Raeliound GDP for GTP and CEACAMS3 aggregation triggers Rac activation by
the GEF Va{Schmitter, Pils et al. 200.7Interestingly, Vav itself is activated by Src family
kinasegEnglish, Orlicek et al. 1997umagalli, Zhang et al. 20Ghd the Vav SH2 domain can
interact directly with the phosphorylated-X30 within the ITAMike motif of CEACAMS3
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(Schmitter, Pils et al. 200.7As most other GEFs bind via their pleckstrin homaotimyain
(PHdomain) to phosphoinositides, their recruitment is intrinsically degent on PI3K
FOGAGAGRE® LYy O2yiNraidz I @Qa RANBOG AYyGaSNIF O
process Pl3#dependent. Indeed, phosphoinositidekihase (PI13K) activity is dispensable for
CEACAM®ediated internalization of gonocod@ooth, Telio et al. 200Buntru, Kopp et al.

2011). The direct interaction between phosphorylated CEACAM3 and a Rac GEF as well as the
direct linkage to the WAVE complex via Nck couldlaaxpwhy CEACAMB3ediated
phagocytosis is particularly efficient and ragMcCaw, Liao et al. 20R4In vitro, ~90% of
primary human granulocytes have internalized multiple CEAG#RNINg gonococci within 20
minutes of infection, while CEACANMN-binding gonococci remain almost untouched
(McCaw, Schneider et al. 2008cCaw, Liao etla2004. These studies of CEACAMBiated

signal transduction have also revealed that the ability of this receptor to trigger phagocytosis
relieson cellular constituents, such as Src family kinases, Vav, Rac, aldANk, which can

be found in almost any mammalian cell type. Maybe this universality of CEACAM3
downstream connections explains why transfection of CEACAM3 cDNA in diverse cell types,
from cervical epithelial cells to mouse fibroblasts, is sufficient to convert such non
professional phagocytes into cells avidly and efficiently internalizing CEA{wiMg
bacteria. The generic nature of these processes also indichtd studies of CEAI3-

initiated phagocytosis are helpful to delineate the core elements necessary for productive

internalization of particles.
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Figurel-3: CEACAMS3ignalingconnections.(A) Phosphorylatiorof CEACAM8pon bacterial
engagement.Localizedclusteringof CEACAMS3eceptors by multivalent, CEACAMbinding

bacteriatriggerrecruitmentandactivationof severalSrcfamily tyrosinekinasesyhichin turn

-49-



Chapter  CEACAMAitiated sgnal transduction beyond phagocytosis

phosphorylatethe ITAMlike sequencein the cytoplasmicdomain of the receptor at two
tyrosine residues(Y230and Y241).This phosphorylationevent is critical for downstream
signalingprocesses(B)CEACAMSignalingo the cytoskeletonTheadaptorprotein Nckbinds
viaits SH2domain to the membraneproximal CEACAMPBhosphotyrosingesiduepY230and
recruits the WAVE2complexto sites of bacterial attachment. Activation of this complex
requiresa localizedincreasein GTRloadedRac,whichis orchestratedby recruitment of the
Racguaninenucleotideexchangeactor Vav.Similarto Nck,Vavbindsviaits SH2domainto
CEACAMPY 230 Activationof the WAVEZomplexleadsto localizedactivationof Arp2/3 at
the site of infectionresultingin particleengulfmentby actin cytoskeletonbasedlamellipodial
protrusions. (C) CEACAM3ignalingto the NADPHoxidase.ResiduepY230servesas an
interaction platform for the regulatorysubunitof phosphatidylinositob Kinase(PI3K)PI3Ks
are responsiblefor the generationof phosphoinositidegPIPs)which regulatethe oxidative
burst by recruitment of NADPHoxidase subunits p40°"°x and p47°"° In addition, PIP
hydrolysisby CEACAMBecruited phospholipaseC! 0 t [ releadeshe secondmessengers
inositok(1,4,5trisphosphate (IPs) and diacyl glycerol (DAG).Together, they activate the
ProteinkinaseC (PKC)whichfurther stimulatesthe NADPHoxidasecomplex.(D) CEACAM3
stimulationof neutrophiltranscriptionalresponse CEACAMB8antriggerthe NF¢ :mediated
transcriptionalregulationof IL-8 andother neutrophilchemotactidactors. CEACAMhitiated
NFRS . activation occursvia two distinct routes: the t Y/ 1 k pathWay as well as the

CARD9/BCL Jtathwaydepend on Syklocalizationto phosphorylatedCEACAM3.

CEACAMnitiated signal transdiction beyond phagocytosis

In professional phagocytes, phagocytosis is tightly coupled to downstream bactericidal
processes. One central regulatory switch in this regard is the GTPase Rac, which not only
regulates cytoskeletal remodeling, but is also asesgial subunit of the NADPH oxidase, the
enzyme complex generating the microbiocidal oxidative bugjure 413 C). In contrast to the
PI3Kindependent Rac activation during engulfment described above, the CEADAM®d
oxidative burst strictly depends on PI3K actiy@guntru, Kopp et al. 20)1Since there is only

a partial temporal overlap between particle engulfment and the oxidative burst, it is possible
that Vavmediated GTRoading of Rac during engulfment is disconnected from a putative

phosphoinositidedependent GEF, which might activate Rac later during the induction of an

-50-



Chapter F CEACAM#itiated signal transduction beyond phagocytosis

oxidative burst. However, Pl3ienerated phosphoinositides are required at additional
regulatory st@s during NADPH oxidase assembly, such as the recruitment of NADPH oxidase
subunits p40™* and p4P" through their PI3Minding PXdomains(Zhan, Virbasius et al.

2002. Phosphoinositides also servas substrate for various lipid phosphatases and
LIK2ALIK2F ALI aSad LyiSNBagdgAy3ater G4KS {1 H R2YL
CEACAM3n vitro and the isolated SH2 domain is enriched around gonoamutiaining
phagosomegqStreichert, Ebrahimnejad et al. 200McCaw, Schneider et al. 20@8 t-[ / !
mediated hydrolysis of phosphatidylinosi@,5)-bisphosphate (PHp produces the second
messengers diacyl glycerol (DAG) and inc$it@, 5)trisphosphate (IB), which in turn trigger
intracellular C#* release and PKC activation. Indeed, intracellul@f IBaels in PMNs rapidly

rise upon CEACAM¥e&d | 3SYSyid FyR (KA&a LINROSaa (RenSa y2i
Bolland et al. 200> ! OO2NRAy It &> dzZLJAGNBLY t[ /1 - OlGA DA
mediated phosphorylation of multiple NADPH oxidase subunits, which represents an
important regulatory step in activation of the oxidative burst (reviewe(Bealambri, Rolas et

al. 2019).

Though both tyrosine residues within the ITAlke sequence of CEACAMBem to be
functionally relevant, the biochemical assays conducted so far have pointed towards the Y230
residue as the central hub for interactions with SH2 donr@intaining proteins. This
conclusion is based on binding studies with &tic phosphepeptides and putlown
experiments with recombinant proteins, which demonstrate that the Sldhains of Src
family kinases, PI3K, Nck, or Vav selectively bind of pheg@B0. Therefore, the CEACAM3
ITAMIlike sequence has been likened to acsdled HemITAM seggnce found for example in

the macrophage receptor Dectih, where also a single tyrosine residue conveys the
phagocytic functior{Rogers, Slaat al. 200% Underhill, Rossnagle et al. 2Q0terestingly,

the only known negative regulator of CEACAM&diated signaling, the adaptor protein
Grb14, also targets phospi230(Kopp, Buntru et al. 20)20ne can easily envision that
Grbl4 restricts access for other S#i@main containing effector proteins and thereby
interferes with CEACAMB3®ediated phgocytosis. However, the idea that multiple proteins
compete for phospher230 of CEACAM3 immediately begs the question how these binding
events can be coordinated to allow a productive and orchestrated cellular response. In the
future, timeresolved analysi of the various SH@omainmediated binding events upon

bacterial CEACAM3 engagement might help to answer this question. Nevertheless, the
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emerging overall picture of CEACAMS3 phosphorylatnitated events depicts-£30 within
the ITAMlike motif as theminimal structural feature, which directly links CEACAM3
engagement with cytoskeletal remodeling as well as with the initiation of bactericidal

responses.

It is interesting to mention that there is a further member of the CEACAM family, CEACAMA4,
which hasa domain architecture similar to CEACAM3, which is selectively expressed in
granulocytes, and which harbors a consensus ITBNEX)D/ExXYxxlae)Yxx) (Figure 11).
CEACAM4 is an orphan receptor, as neither an endogenous nor a microbial ligand for this
membrane protein has been detected. However, the cytoplasmic domain of CEACAM4 can
trigger particle uptake, with both ITAlmbedded tyrosine residues engaging in Sldéhain
interactions (Delgalo Tascon, Adrian et al. 2015Therefore, the human CEACAM family
appears to harbor additional phagocytic receptors that might function to eliminate

microorganisms in an opsonrindependent manner.

Although the main task of PMNSs is to clear pathogens through their bactericidal capabilities,
there is mounting evidence that they also can shape the inflammatory response (reviewed in
(Nathan 2006 Thomas and Schroder 20)3Indeed CEACAMS3 activation can trigger an
inflammatory program in PMNg=igure 13 D). CEACAM3 binding Moxarella catarrhalis
activates the CARD9/BCL10 pathway resulting ¥ MNiRediated expression of the potent
neutrophil chemotactic factor, interleuki (I1-8) (Heinrich, Heyl et aR016. As CEACAM3
expression is restricted to human neutrophils, its contribution to inflammatory responses in
an organismal context are difficult to study. Sinst@taal. made use of a transgenic mouse
model that harbors a 18kb human bacterial aificial chromosome encoding CEACAMS,
CEACAM5, CEACAM6 and CEACAM7 (CEABA(Chaceand Stanners 200t study the
CEACAMnNediated response to infection witN. gonorrhoeadSintsovaSarantis et al. 2004
Global expression profiles were generated from both WT and transgenic neutrophils infected
with Opa gonococci to discern CEACANdpendent signatures. A pronounced upregulation

of pro-inflammatory cytokines was observed in neutlhols from CEABAC mice, which
depends on p38 MAPK activity and the PKCdelta/TAKL/NF KSkhtsc¥a, Sarantis et al.
2014). Though the used transgenic neutrophils and pryrfauman granulocytes express other
CEACAMSs, which could be engaged by CEAfi#dvhg bacteria (such as CEACAMEG in the case

of transgenic murine neutrophils or CEACAM1 and CEACAMSG in the case of primary human
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neutrophils), inhibitor studies point to CEACAWM AM signaling as the main contributor to
neutrophitinitiated inflammatory response#n vivq infection of CEACAMansgenic, but not
wild-type mice withN. gonorrhoeaded to increased neutrophil infiltration and increased
levels of neutrophiderivedIL-mi | y-Rh @L t OO2 NR A yignalidgon th&dné ! a o
hand helps to limit gonococcal survival, but also initiates a vicious cycle, where the bacteria
triggered release of chemotactic cytokines leads to increased neutrophil influx and
potentiates therisk of severe damage to the infected tisqi&tevens and Criss 2018 this

light, it will be important to understand how CEACAMS3 signaling is kept in check to prevent
unrestrained inflammatory signaling. In contrast to the initiation of CEACAM3 signaling,
surprisingly little is known about its termination. The negatiegulatory role of the adaptor
protein Grb14(Kopp, Buntru eal. 2013 has already been discussed above. Furthermore,
phosphorylation of CEACAM3 appears to be counteracted by the cytoplasmic protein tyrosine
phosphatase SHP, which most likely constrains CEACAM3 effector functions by
compromising ITAM functiality (Hauck, Gulbins et al. 1999nterestingly, neutrophils also
express CEACAML, which contains an immunoreceptor tyrtsised inhibitory motif (ITIM).
However, cerecruitment of CEACAM1 does not seem to have an inhibitory effect on
CEACAMB3 phagocytic activi§arantis and Gra@wen 2012. Further research is required to
address mechanisms that could regulattACAM3 activity, including intracellular trafficking

of CEACAM3 and cooperation with other phagocytic receptors (exg. F¢ Y R 02 YLJ SY &
receptors). Considering the potential detrimental effects of excessive CEACAMS3 activation, it
is highly likely that imhuman PMNs additional negative modulators of CEACAMS3 signaling

operate.

CEACAMS3 evolutiog a red queen scenario at work

Based on the functional studies summarized in the previous sections, it is safe to conclude
that CEACAM3 represents an effective dese@and eliminator of CEACANInding bacteria.

In its capacity as a phagocytoepiomoting receptor, CEACAM3 can take care of pathogens
expressing CEACAbIding adhesins designed to exploit the human receptors for mucosal
colonization. Thereby, CEACAM3htihelp to establish a truce between host and pathogen,
maybe one of the reasons why CEACBINting pathogens are contained in most instances.
[221AY3 |G GKAA NBFftAGE FNRY (GKS GASHLRAYI

expressing a CEACAMBding adhesin in the first place? Obviously, bacteria unanimously
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I YE6SNBR (KAA |jdSaiArzy 6AGK 6, S5aéx +a GKSe

to epithelial CEACAMs such as CEACAML1 and CEA, while evading CEACAMS3 recognition.

Indeed, mos CEACAMbinding bacterial adhesins analyzed in this regard show selective
binding to either CEACAML1 or CEA. This is true for the CEBiGAiNG Opa protein adhesins

of Neisseria gonorrhoeaand N. meningitidisas well as for their functional homologue,eth

OMP P1 adhesin ¢i. influenzaewhich have been studied most thoroughly in this context.

For example, a single gonococcal strain encodes eleven distinct Opa adhesins and the
complete compendium of Opa proteins has been functionally tested for bindi@E&CAM

family members in the case &f. gonorrhoeasestrains MS11 and VP1. In MS11, 10 out of 11
Opa adhesins bind CEA, while only three of these are also able to be recognized by CEACAM3
(Bos, Grunert et al. 199GrayOwen, Dehio et al. 199GrayOwen, Lorenzen et al. 1997

For strain VP1, 8 out of 10 tested Opa adhesins bound to CEA or CEACAM1, while only a single
Opa protein associated with CEACAKRDth, Mattheis et al. 2003 In a complementary
approach, Sintosova et al. screened a large collection of primary isolates from gonorrhea
patients for their CEACAMIinding capacity. Instead of trying to analyze the complete Opa
repertoire of each of these strains, the authors used low passage isolates, which are thought
to continue to expresé vitro the Opa variant previously selected forcaaxpressedn vivo
(Sintsova, Wong et al. 20L5Also in this study, the overwhelming majority with 74% or 80%

of the strains bound CEA or CEACAML, respectively, and only 27% were found to also
recognize CEACAMSintsova, Wong et al. 20L5While most strains bound CEA and/or
CEACAML1, but not CEACAMB3, not a single strain could be observed, which showed a reverse
binding pattern: recognizing CEACAM3, but not recognizing an epithelial CEA family member
(Sintsova, Wong et al. 201L%An even more skewed situation is founddnmeningitidiswhere

11 of 13 Opa proteins of serogroup A, B, and C strains, which have been tested in binding
assays with different CEACAMs associated with either CEA or CEACAML, but none of those
Opa poteins associated with CEACAMuenzner, Dehio et al. 200@de Jonge, Hamstra et

al. 2003. Similarly, all of the OMP P1 adhesins derived from 13 different strairt$. of
influenzaebound to CEACAML1, but none of those adhesins was recognized by CEACAMS3
(Tchoupa, Lichtenegger et al. 2Q1Bccordingly, bacteria seem to optimize their adhesins to

discriminate between these closely related CEACAMs and to avoid recognition by CEACAM3.

If there is such a direetl evolution on the side of bacterial CEACGBiINding adhesins, is there

a discernable adaptation on the host side? The increasing availability of human and other
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primate genomic information has now allowed an unravelling of the evolutionary context of
CEABMa3. It has been recognized before that homologues of several human CEACAMs are
absent from rodents. More gifically, a CEACAM3 orthologuld not be identified even in

Old World primates, such as baboon or African green monkey, by homology searches based
on the extracellular lglike domain(Zhou, Zhang et al. 201 arge scale genome comparisons
between closely related primate species have revealed a high degree efymammymous vs.
synonymous ucleotde changes in orthologienes of CEACAM family membéRhesus
Macaque Genome Sequencing and Analysis Consortium, Gibbs et alA8€i@r, Bonsignore

et al. 2019. In particular, the bacterial receptors within the CEACAM family (CEACAM1,
CEACAM3, CEA, CEACAMS6) show an exceptionally strong signature of positive selection
suggesting that they belong to the fastest evolving human genes. EspecialGEfR€ AM3

gene appears to be a recent evolutionary invention. Though ITéddquence containing
CEACAMelated genes have been described for various mamm@®ammerer and
Zimmermann 2010Kammerer, Mansfeld et al. 201 Missbach, Aleksic et al. 2018
CEACAM3ene with its specific exon/intron structure and the characteristic 19&#
sequence seems to occur only after the emergence of Old World monkeysn@ 35 million

years agofBond, Tejedor et aR019. Indeed, &CEACAMB8rtholog has only been detected

at the syntenic locus in the genomes of baboon, macaque, orangutan, gorilla, chimpanzee,
and humangAdrian, Bonsignore et al. 200®ue to uncertainties in the assembly of some
genomes such as tarsier, lemurs and lories, gene synteny is not a valid criterion to rule out the
existence of CHEAAMS3 ortholog in lower prinates. However, CEACAMS3 orthadoghare
several discriminative features such as protein length or the presence of the characteristic
HemITAM, which does not seem to occur in any lower primate genome supporting the idea
that CEACM3 emerged late in primate evolutiomespite the absence of GEACAM8ene,
ITAMcontaining CEACAM transcripts are presentlawer primates, such as transcript
XR_001153184.2 in the mouse lemur. The ITAM encoded by XR _001153184.2 perfectly
matches thelTAM consensus (YxxIZAS¢ Yxxl) as well as the sequence found in human
CEACAM4 (Delgado Tascon et al., 2015). Therefore, this transcript could originate from an
ancestral primate CEACAM4 ortholog is plausible that CEACAMS is the result of gene
duplication and recombination between an ancest@EACAMZI3ene (providing the lg
domain encoding exon) and an ancestral lower prim@EACAM4ene (providing the

transmembrane and the intracellular domain encoding exdifsls, Gerrard et al. 2008
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LYRSSRX (KS 0Q SyR GERCAMBeSe bedrsimifritidsyolinkd@y? ofn 2 F
the CEACAM4ene, supporting the idea that such a recombination event occurred at the
advent of higher primatePils, Gerrard et al. 2008 ogether, thegenomic evidence suggests

that CEACAMB3, the specialized phagocytic receptor for CEAGAMg bacteria, emerges

relatively late during primate evolution, expanding the human innate immunity arsenal.

An interesting corollary of this continuing bactehiast arms race can be seen by the
occurrence of CEACAMS3 polymorphisms in the human population. In fact, while people
outside of Africa mainly express the common CEACAMS allele, particular ethnic groups harbor
CEACAMB3 variants. For example, in several greufys African ancestry, a third of the
population expresses a distinct CEACAM3 allele (minor CEACAM3(Abeila), Bonsignore

et al. 2019. This minor allele carries four n@ynonymous single nucleotide changes, which
convert the CEACAMB8-domain amino acid sequence into a near replica of the CEACAM1
lg»-domain. Modeling of thepolymorphic CEACAM3wdomain according to the known
CEACAMBS crystal structufBonsor, Zhao et al. 2018 veals that these mdues are surface
exposed and threef the modified amino acids contribute to the CEACAMS3 binding interface
for various bacterial adhesin@drian, Bonsignore et al. 20L9t comes as no surprise that
this minor CEACAM3 alleldat now mimics CEACAML1, shows a striking gain of function in
that it recognizes additional bacterial adhesins, such as the OMP P1 protdinrdgfuenzage

which escape detection by the common CEACAM3 dlelgan, Bonsignore et al. 20119

These recent studies have shed light on an ongoing arms race between seveiastiosted
CEACAMbinding pathogens and the human immune system. In a type of(Rezkn scenario,

the diverse CEACANInding pathogens need to optimize their adhesins to escape CEACAMS3
detection, while still retaining their ability to bind mucosal CEACAMs. As a consequence,
human CEACAM3 rapidly evolves to keep up its function. Viewed from the angle of bacterial
adhesin binding to distinct CEACAMs as well as from the perspective of human genomic
variation, the phagocytic receptor CEACAM3 appears as a central element inntte in
defense against this group of extremely specialized bacteria. However, one has to
acknowledge that CEACAM binding preferences ofdsadtadhesins as well as anadgzof
CEACAMS3 evolution only provide circumstantial evidence for the importancesointrate
immune receptor. Accordingly, a more direct test of CEACAMS3 function in the context of

innate immune responses within the intact organism would be desirable. Unfortunately, the
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standard genetic approach of employing knétkizi I y A Y I f EACAM&KZOCK? dziag | &/
mouse, is not an option in this case. Moreover, CEAC&i3genic mice with granulocyte
selective expression of CEACAMS, in the absence of other CEACAM family members, do not

exist currently.

In view of the increasing availability of ham genomic information and corresponding
medical records it does not appear unrealistic to foresee a future, where novel insight into
CEACAM3 function might come directly from combined gengénotypic studies in
humans (FitzGerald, Botstein et al. 20L8ndeed, the occurrence of an unexpected high
proportion of lossof-function alleles in particular human populatio(®aleheen, Natarajan et

al. 2017 could help to reveal plausible connections between CEAC@dfi8iency and
susceptibility for particular infectious diseases. Despite tineient limitations of research on

a primateonly protein, the study of the phagocytic receptor CEACAMS3 will surely continue to
unearth fascinating aspects of human biology and of our constant and challenging interplay

with the microbial world.
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Chapter I} Abstract

Abstract

The selective pressure by infectious agents is a major driving force in the evolution of humans
and other mammals. Membs of the carcinoembryonic antigeelated cell adhesion
molecule (CEACAM) family serve as receptors for bacterial pathogens of the genera
Haemophilus Helicobacter Neisseria and Moraxella which engage CEACAMSs via distinct
surface adhesins. Whilenicrobial attachment to epithelial CEACAMSs facilitates host
colonization, recognition by CEACAM3, a phagocytic receptor expressed by granulocytes,
eliminates CEACAWNInding bacteria. Sequence anatysf primate CEACAMS3 orthokbg
reveals that this innatemmune receptor is one of the most rapidly evolving human proteins.

In particular, the pathogeiinding extracellular domain of CEACAM3 shows a high degree of
nor-synonymous vs. synonymous nucleotide exchanges, indicating an exceptionally strong
positive séection. 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 CEAG&M3, wh
is not present in other primates and which is critical for binding the OMP P1 adhesin of
Haemophilus aegyptiusincorporation of the F62ontaining motif into gorilla CEACAMS3
results in a gawof-function phenotype with regard to phagocytosistfaeyptius 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 speciespecific detection of diverse bactatiadhesins helps to explain the
exceptionally fast evolution of CEACAMS3 within the primate lineage and provides an example

of Red Queen dynamics in the human genome.

Introduction

Infectious agents are a major driving force during evolution including todugon of man

and other mammalgFumagalli, Sironi et al. 20 The increased allele frequenciysickle cell

i -hemoglobin found in human populations living in malar@emic regions is a prime
textbook example of a potentially deleterious gene polymorphism maintained due to selective
pressure by a specialized parasiillison 1954 Genome segencing has revealed that
several immunityelated human genes are under positive selection such as the viral RNA

editing enzyme APOBEC#@Hhrari, Ooms et al. 2008lakano, Aso et al. 20L7The concept

2F I O02yadl y NI YRS ®ddilonNd SWT NI &l K 2-mSwithithelsy’ R (1 K S
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called Red Queen hypothesfgan Valen 1973 but examples for variability in bacterial
pathogens and coccurrence of positive seleoh in corresponding human defense genes are

lacking.

We and others have identified epithelial surface proteins of the human carcinoembryonic
antigenrelated cell adhesion molecule (CEACAM) family as targets for diverse human
restricted bacteria(Tchoupa, Schuhmacher et al. 2018embers of this immunoglobulin
receptor family are expressed on the apical surface of mucosal cells lining the nasopharynx,
the intestine and the genitourinary tra¢thompson, Grunert et al. 199&eauchemin, Draber

et al. 1999. Several grammegative pathogens, includingdaemophilus inflanzae, H.
aegyptius, Helicobacter pylori, Neisseria gonorrhoeae, N. meningitaid Moraxella
catarrhalis express specialized adhesins to associate with the afeimoinal
immunoglobulin variable (1g+like domain shared by all CEACAM family memf@hen and
Gotschlich 199pVirji, Makepeace et al. 1996lill and Virji 2003Tchoupa, Lichtenegger et al.
2015 Koniger, Holsten et al. 201.6Attachment to apically expressed CEACAMSs appears to
faciitate 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 ce(lluenzner, Rohde et al. 200Bluenzner, Bachmann

et al. 2010 Muenzner, Kengmo Tchoupa et al. 2D1® contrast to this obvious advantage
ganed by microbes on the level of the epithelium, CEAG@A&diiated recognition by innate
immune cells appears to have detrimental consequences for the microorganism. In particular,
CEACAM3, a family member expressed on polymorphonuclear granulocytes (PMNSs;
neutrophils), is responsible for the rapid opsoimiependent phagocytosis and clearance of
CEACAMInding microbegSchmitter, Agerer et al. 200&arantis and Gra@wen 2007.

While the extracellular lglike domain of CEACAMS3 shares high sequence similarity with
CEACAM1, CEA, and CEACAMS6, the intracellular domaCEACAM3 is unique and
responsible for the specific function of this protein. Indeed, tyrosine residues within the
carboxyterminal HemITAMike sequence are phosphorylated upon receptor engagement
and recruit several cytoplasmic protei(S8arantis and Gra@wen 2007 Schmitter, Pils et al.
2007, Schmitter, Pils et al. 200Buntru, Kopp et al. 201 Pils, Kopp et al. 20)2These trigger

an intracellular signaling cascade stimulating bactericidal and immunostimulatory responses
of granulocytes, including rapid phagocytosis, activatid the oxidative burst and NF -

dependent gene expressidBuntru, Roth et al. 203 Heinrich, Heyl et al. 20).6
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Obviously, detection by granulocyexpressed CEACAMS is to the disadvantage of the
involved bacteria. It is therefore not surprising that pathogens seem to avoid recagbiio
CEACAMS, while retaining binding to epithelial CEACAMSs. This phenomenon is most obvious
in the case oNeisseria gonorrhoeadn this species, a single strain contains up to 11 distinct
gene loci encoding CEACAlhding adhesins, the scalled colonyopacityassociated (Opa)
proteins (Stern, Brown et al. 1986 For two strains, the CEACAdhding profile of the
complete Opa protein repertoire has been analyf€dayOwen, Lorenzen et al. 199Roth,
Mattheis 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 CEARAM3
Mattheis et al. 2018 This finding indicates that pathogens evolve alhg with a preference

for binding to epithelial CEACAMs and avoiding the granulocyte phagocytic receptor
CEACAMS.

A situation similar tdN. gonorrhoeaé@pa proteins has been observed forinfluenza€Hinf)

OMP P1, which functions as the CEA&ANIing adhesin of this microbe. OMP PL1 proteins
from a variety of Hinf isolates recognize CEACAM1, but at the same time do not bind to
CEACAM@Ichoupa, Lichtenegger et al. 2015he only CEACAMnding OMP P1 variant that

is recognized by CEACAMS has been identified in the related spécagyptiugTchoupa,
Lichtenegger et al. 20)5Akin to neisserial Opa proted, OMP P1 proteins isolated from
different Haemophilusstrains show a high degree of sequence variation in their extracellular
parts (Tchoum, Lichtenegger et al. 20L5Again, escape from detection by CEACAM3 could
explain this genetic diversity. We reasoned, therefore, that human CEACAM3 could be
involved in an evolutionary arms maavith humanrestricted bacteria and that CEACAM3
phylogeny would provide insight into the -@volution of this innate immune receptor and its

bacterial ligands.

By identifying and comparg CEACAM3 ortholedrom 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 amiraxcid residue that, when changed from gorilla to the
human sequence, supports binding ltaemophilus aegyptivtdMP P1. Furthermore, the €o

occurance of single nucleotide polymorphisms in human CEACAMS3, as obserd@ddrof
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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 distihumanrestricted pathogens.

Results

The granulocyte receptor CEACAMS3 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 efynonymous
substitution per norsynonymous site and synonymous mutations per synonymous site
(dN/dS ratios) indicating positive selectig@ibbs, Rogers et al0@7). Amongst these fast
evolving primate genes were several members of the CEACAM family, in particular CEACAML1,
CEACAM5 and CEACAMG6, which serve as epithelial dodkimdgos bacterial pathogens
(Tchoupa, Schuhmacher et al. 201€ompared to the average dN/dS ratio of human vs.
chimpanzee genes (0.8)Volf, Kunster et al. 2009 the binding mediating lglike domains

of CEACAM1 and CEACAMS5 have dN/dS ratios >1 when comparing the human sequences with
the orthologous sequences of chimpanzee, pongo, or macagdeating positive selection
(Figure HL A) In comparison, the terminal Higld of VCAM, a member of the-ggiperfamily
NB&aLR2yaaot S JFiagtedlinpisiuiderisyorg piridying selection with a dNA&fo

far below 1 (Figurd-1 A).

In contast to the epitheliumassociated CEACAM family members@A&M1 and CEA, primate

orthologs of CEACAMS3 had not been included in prior comparative evolutionary studies
(Gibbs, Rogers et al. 200As CEACAMS is the innate immune receptor, which detects and
eliminates CEACANInding bacterial pathogens, it should be, according to the Red Queen

hypothesis, under positive selection.

Therefore, we first searched primate genomes fa firesence of CEACAMS3 orthaotJsing
homology searches, gene synteny, exotrbn structure and the presence of a HemITAM, we
were able to identify CEACAM3 orthosom the genomes of Old did monkeys including
Macaca mulatta Papio anubisPongo abeljiGorilla gorilla andPan troglodytegFigurell-1

B). With the exception dPapio anubis CEACAM3 orthologsewsequences from these species
had been reported beforéMikkelsen 2005Locke, Hillier et al. 201 $cally, Dutheil et al. 2012
Zimin, Cornish et al. 2014n all these genomes, orthags of human CEACAM3 were located
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at the syntenic position with the &htical transcriptional orientation within the CEACAM gene
cluster (Figurdl-S1)In contrast, CEACAMS orthokbgere absent frm the available genomes
of New World monkeys or lemurgChang, Semyonov etl. 2013 Sato, Kuroki et al. 20}5
suggesting that CEACAMB3 first emerged followtimg divergence of Old and New ofd
monkeys (FigurdIl-1 B). Furthermore, the syntenic chromosomal locus of the gibbon
(Nomascus leucogenyalso didnot contain a CEACAM3 orthologhich is presumably lost
from this species due to genomic rearrangements occurring on chromosorftadiell-1 B)
(Jauch, Wienberg et al. 199€arbone, Harris et al. 20L45equence alignment of CEACAMS3
orthologs indicated a high degree obnservation in the aminterminal signal sequence, the
transmembrane region, as well as thée€minal intracellular domain including the ITAMe
motif, which initiates downstream signaling upon receptor engagement (FigreC). In
contrast, considerable amino acid sequence diversity could be seen in the extraceHular Ig
variable like domain responsible for ligand binding (Figi#ieC). Due to the amino acid
sequence variation in this region, CEACAMBologs from human ancthimp also lack an

additional Nglycosylation site present in the other species (FiglieC).

To get insight into potential positive selection acting on CEACAMS3, the dN/dS ratio between
human, chimpanzee (pan), oraigan (pongo) and rhesus monkey (raga) was determined

for full length CEACAM1, CEACAMS5, CEACAM3 and-Dastimell as the terminal binding
domain of CEACAM3 and Deétiffrigurdl-1 D). Strikingly, CEACAMS3 displays an exceptionally
high dN/dS ratio pointing to an even stronger selecpwvessure acting on this innate immune
receptor, when compared to the previously analyzed epithelial CEACAMs (Riqui.
Interestingly, other phagocyte receptors involved in detecting and eliminating pathogens,
such as Dectii, which recognizes funfa-glucans, show a dN/dS ratio which is only slightly
elevated from the genomavide average (Figurd-1 D). CEACAMs as well as Dettinind

their ligands via their terminal extracellular domain. Therefore, we restricted the analysis to
this domain. Théow dN/dS ratio seen for the Dectm -glucan binding domain indicates that
there is strong purifying selection acting on this phagocytic receptor in higher primates (Figure
[I-1 D). In striking contrast, the Jgike domain of CEACAMS3 shows not onlyghlgsequence
divergence between human and chimp (90.6% identity), onatagp (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 priGafCAM3 Vg

like domains, while the divergence between Dedti@LEdomains remains constantly low.
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(Figurell-1 E) This not only suggests that there is an exceptionally strong selection pressure
on all CEACAM family members recognizing pathogenic lacteat that in particular

CEACAMS appears as one of thstest evolving primate genes.

B pan Old world monkeys
[ pongo
[ macaca

.................. pan mean dN/dS

| |
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IgV-domain IgV-domain IgC-domain

(Siminiformes] Nomascus leucogenys
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Figure II-1: The granulocyte receptor CEACAMS3 is under exceptionally strong positive

. o
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H o + macaca
------------------------- ‘—---*----*—---"—-- pan mean dN/dS
human pan pongo  macaca  human pan pongo  macaca
CEACAM3 Dectin-1
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selection (A) The ratios of norsynonymous substitution per nesynonymous site and

synonymous mutations per synonymous site (dN/dS) in the astr@mainal Igdomain of

human CEACAM1, CEACAMS5, and VCAM genes compared toRamimglodyte} orang

utan (Pongo abel)i and macaqueMacaca mulattg 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 selectio>1) and purifying selection (<1) while the dashed line indicates

the average dN/dS ratio derived from 17,2@@hologs gene pairs from human and chimp as

reported by(Wolf, Kunstner et al. 2009B)Human CEACAMSthologs identified in primate

genomes. Species encoding a CEACANI®log are indicated by a star. (&mino acid

sequence alignment of primate CEACAMBologs. Areas highlighted by a horizontal bar
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indicatethed A 3y | £  LJISskrdinds RG X thallglie fold, the transmembrane domain,
and the cytoplasmic ITAlllke sequence. A predicted additional glycosylation site present in
some primates is indicated by a gréox. (D)Plotting of the dN/dS ratios of CEACAM1,
CEACAMS5, CEACAMSAd Dectinl full lergth sequence as well as CEACANdike domain
and Dectinl CLEC domain of human to primatehologs. Lines are as (). (E)Comparison

of dN/dS ratios for all combinations of human, chimp, orait@n and macaque sequences of
the EACAMdgy-domain or the Dectii CLE@omain. Lines are as (A). See also Figutk

S1 and Tabld-S1.

Recognition of human bacterial pathogens by primate CEACANMBologs follows a

phylogenetic gradient

As the Ig-like domain of CEACAM&ppears to be under strong positive selection, we
speculated that the amino acid sequenchkegations acquired during Old @ld monkey
evolution should result in functional consequences with regard to bacterial recognition. To
test the binding capabilitiesf primate CEACAMs, we recombinantly expressed the CEACAM3
extracellular Ig-like domains of human, chimp, gorilla, rhesus monkey and baboon in the form
of soluble GF#usion proteins (Figurd-2 A). Though the CEACAM&hologs from gorilla,
papio, andmacaque showed a slightly reduced mobility upon -BBSE (most likely due to
the presence of an additional-tlycosylation site), all GH&sion proteins were expressed at
similar levels (FigurB-2 A). To compare their ability to recognize different CEM®Inding
proteins, we expressed CEACAMABding adhesins derived fronMoraxella catarrhalis
(UspAl)Neisseria gonorrhoeagOpaz), andHaemophilus aegyptiu®©MP P1) irkE. coli As
laboratory strains ofE. colido not express CEACANhOding adhesins, # heterologous
expression allowed a direct comparison of the association of the CEAGAMBogs with
different adhesins in the same bacterial background. To detect bindingolnble CEACAM3
GFPFfusions were incubated with intact bacterisashed, and bacterfaound protein was

detected by immunoblotting with anti GF&htibodies (see scheme in Figul2 B).

Remarkably, the primate CEACAMBhologs showed distinct binding patterns to the
bacterial adhesins. While human and chimpanzee CERBQvas able to interact with all three
tested bacterial adhesins, the binding efficiency of gorilla CEACAMS to neissedalv@pa
clearly reduced, whilstrong affinity toMoraxellaUspAl was retained. Interestingly, gorilla
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CEACAM3 completely lackeitiding toH. aegyptiusderived OMP PL1. In the case of catarrhini,
rhesus monkey CEACAMS only interacted with UspAl, while no binding of baboon CEACAMS3
to any of the bacterial adhesins was detected (FigugeC). To confirm these data, CEACAM3
binding to the bacterial surface was evaluated by a flow cytométaged assay. Again, human
CEACAMB3 showed exceptionally strong binding to all three bacterial adhesins and chimpanzee
CEACAMB3 recapitulated this binding pattern, albeit with reduced bindirly &&gyptus OMP

P1 (Figurdl-2 D). Confirming the immunoblotting analysis, gorilla CEACAM3 completely lacked
binding to OMP P1, while efficiently associating with Q@mnd UspAl (Figurd-2 D).
Furthermore, rhesus monkey CEACAM3 bound to UspAl, whereas bab&GAME did not
associate with any of the bacterial adhesins (Figb2dD). The derived binding profiles for the
different primate CEACAM3s are summarized in Fige2d. Our findings demonstrate that

the amino acid sequence alterations observed betwpamate CEACAM3thologs result in
differential binding to adhesins derived from humesstricted bacterial pathogens. In this
regard, the CEACAM8Bediated recognition of the bacterial adhesins correlates well with the
evolutionary distance between theggimates. Moreover, the exquisite specisslectivity of

some of these interactions could allow the identification of critical molecular determinants

required for receptodigand binding.
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Figure H2: Recognition of human bacterial pathogens by primate CEACAdMBologs
follows a phylogenetic gradient(A)Aminoterminal domains of human, chimpanzee, gorilla,
baboon and macaque CEACAMS3 were expressed as solublgdgER proteins in 293T cells.
Equinalent protein amounts in the supernatants were verified by immunoblotting analysis
with anti-GFP antibodies. (Bchematt workflow of a bacterial putlown assay. Soluble GFP
tagged CEACAM)-like domains are secreted by transfected cells into cell caltu
supernatant.E. coliexpressing defined pathogen adhesins are incubated with CEACAM
O2y Uil AyAy3d OStf OdzZ G§dzNBE & dzLISNY | G I vy dbmding)a - €
to allow CEACAM interaction. Subsequently, unbound CEAGABFP is remowk by

repeated washing steps. The surface bound CEACAMs are analyzed via immunoblotting or
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flow cytometry. (C, D)Supernatants containing the indicated CEACAM3 variants were
incubated withE. colexpressing Opaof N. gonorrh@ae UspAl derived frorivl. caarrhalis,
OMP P1 derived frorhl. aegyptiusor with controlE. coliexpressing no additional adhesin.
CEACAMS3 binding was determined via bactgnididown and subsquent immunoblotting
analysis €) or analysis of GFP fluoceace via flow cytometry (D). (Eummary of adhesin
binding pattern of the analyzed primate CEMBAgv-like domains. Binding is symbolized by
(+), while lack of binding is symbolized Qy (

Minor sequence alterations in CEACAMS allow recognitiorHofaegyptiusOMP P1

adhesin

AsH. aegyptiusOMP P1 exhibited a striking selectivity for human and chimp CEACAMS, we
aligned the human, chimpanzee and gorilla CEACAMIkédomains to reveal sequence
alterations exclusively found in gorilla. In previous studies, the binding interface of several
bacterial adhesins has been mapped to the fibfi @ O2 & & f HfadeSdR the/ dmd& D
terminal lg-like domain(Virji, Evans et al. 200@onsor, Zhao et al. 2018ndeed, a three
amino acid long stretch (HLF, amino acid residue®®a@f the mature protein) located at the
amincoterminal end of the &trand differs between human and chimpanzee versus gorilla
(Figurell-3 A). 3Dmodeling of the human CEACAMS$-lige domain revealed a hydrophobic

Of ST Tt I yfack of fe Igokl ®rmed bRtBeIHLF triplet (Figulle3 B, C). To assess

the impact of this sequence alteration for OMP P1 binding we changed the respectinve am
acid triplet in the gorilla CEACAM3-lidke domain to the correspondinguman sequence
(humanized gorilla; mgorilla) and expressed kgorilla as a GFfision protein (Figurd-3 D).
Binding assays with.coliexpressing Opaor OMP P1 revealed that introduction of the HLF
motif into gorilla CEACAMS3 not only permitted binding to OMP P1, but also clearly increased
the affinity toN. gonorrhoea@®pas2 (Figurell-3 E). To confirm these data, CEACANIRIing

to the bacterial surfae was measured by an independent flow cytomdinsed assay. In
accordance with the previous results, human and gorilla CEACAMS3 were able to interact with
N. gonorrhoea®pas,, while only hugorilla, but not gorilla CEACAMS3 was able to interact with

H. agyptiusOMP P1 with an efficiency comparable to the human ortholog (Fidh&€). To
further narrow down the critical residue(s) within the Hitif, we reverted single residues

in the HLF triplett of hwgorilla CEACAMS3 back to the gorilla sequenceaeadted hugorilla
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CEACAM3 NLF, CEACAM3 HRF, and CEACAM3 HUI-@iguraAnalysis of their binding to
OMP P1 revealed that only the fgorilla CEACAMS3 HLI, lacking the phenylalanine residue F29,
was unable to interact with the OMP P1 adhesin, whikaireng its affinity for Op& (Figure

[I-3 H-I). These resultdemonstrate that within a three amino acid motif found in human and
chimpanzee CEACAMS3+ltke domain a single amino acid residue, F29, which generates a
K@ RNRLIK20AO Yy FateKresgoysiblé fiir$he rematk&nle specificity for selected
pathogen adhesins. It is highly suggestive that this minor sequence change represents an
evolutionary adaptation that allows CEACAMB8diated recognition and internalization bf.

aegyptius
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Figue II-3: Minor sequence alterations in CEACAM3 allow recognitiorHadegyptiusOMP

P1 adhesin(A) Amino acid sequence alignment of the-ldge domain of human, chimpanzee

and gorilla CEACAMS3 orthologs. Areas highlighted by a horizoiitaNJ A y R As@dndsS G K S
A-G of the Ig-like fold. A grey box marks an amino acid triplet that is identical in human and
chimpanzee, butistinct in gorilla CEACAM3. @) model of human and gorilla CEACAM3

Igv-like domain based on CEACAMS crystalcttme (6AW1). Domain orientation and detalil
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area are indicated (left). The respective HLF and NRI amino acid triplet is colorized for human,
gorilla, and humanized gorilla CEACAMAlikge domain (hegorilla), in which the NRtiplet

was replaced by HLEgnter). Surface charge (red,(blue (+)) and hydrophobicity (yellow)
mappingis marked separately (right). (@P>-model as inB) of the other side on the 4igld,

with 0 K S  ffaceQ€tBe front. (DGFPtagged Nterminal domains of human, gorilla and
hu-gorilla CEACAMS3 were generated as secreted proteins in 293T cells. Equivalent amounts of
soluble proteins in the employed supernatants were verifigdramunoblotting analysis. (E,

F) Supernatants containing the indicated CEACAM3 variants were inalilvatd E. coli
expressing\. gonorhoeaeOpas., H. aegyptiusOMP P1 or no additional adhesin. CEACAMS3
binding was determined via bacterdpulldown and immunoblotting analis (E) or flow
cytometry (F). (GIFPtagged Nterminal domains of gorilla CEACAM3 (NRI) andjdrila
CEACAMS3 HLF, NLF, HRF or HLI wereageti@nd equivalent amounts of soluble protein in

the supernatants were verified by immunoblottingH, 1) Supernatants containing the
indicated CEACAM3 variants were incubated \EitltoliexpressindN. gonorrhoea@pasz, H.
aegyptiusOMP P1, or no addi@nal adhesin. CEACAMS3 binding was determined via baeterial

pulldown assays and immunoblotting analysis (H) or flow cytometry (1).

¢ KS [clefQa@Bitecture determines speciespecific CEACAMS binding and pathogen

internalization

To test the functionasignificance of HLmotif-mediated binding to OMP P1 &f. aegyptius

in a cellular context, we expressed @&agged human, gorilla or kgorilla CEACAM3 or GFP
alone in 293 cells. The cells were then infected for 1 h withisseria gonorrhoeagxpressing
Opas: (Figurell-4 A) orHaemophilus aegyptiu§igurell-4 B). Remarkably, differential staining

of total and extracellular bacteria unveiled numerous intracellular gonococci in all cells
expressing CEACAM3, irrespective of the species aridghre receptor (Figurdl-4 A). These
results were in line with the observed receptor binding pattern and indicated that gorilla
CEACAMa3 is functional in mediating internalization of Opa adiexgiressing bacteria. When
the same set of transfected celgas infected with OMP P1 bearirtdy aegyptiusgorilla
CEACAMB3 did not promote uptake lof aegyptiuswhile cells expressing the human or the
humanized gorilla CEACAM3 protein readily internalized this pathogen (Figr8).
Equivalent receptor expregm levels were verified by Westetnotting (Figurell-4 C). To

evaluate the extent of functional restoration by this three amino acid exchange, we infected
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cells expressing the different CEACAMS3 variants and infected them for 1 hEwitioli
expressingH. aegyptiusOMP P1 or contrdE. coli Internalized bacteria were quantified by
gentamicin protection assays (Figukd D). In line with ouprevious resultsk. colexpressing
OMP P1 could not be internalized by gorilla CEACAM3, while expression-gafrilfai
CEACAMS3 promoted bacterial internalization as efficient as the human CEA&#H@8g
(Figurell-4 D). These results in 293T cells could be confirmed in neutrblpdiHLE0 cells that
were stably transduced to express either human, gorillahwigorilla CEACAM3 fused to
mKate2. CEACAMBKate expression in the derived clonal cell lines was veribgd
immunoblotting with a mKate specific antibody as well as via giwmetric analysis (Figure

lI-4 E). As expected, an enhanced internalizatioN ofjonorrhoeaeould be detected in HL60
cells expressing human, gorilla, or-garilla CEACAM3 demonstrating the functionality of all
receptor constructs. In contrast, enhanced internalizationtbf aegyptis could only be
observed in human or hgorilla CEACAM3 expressing HL60 cells, but not in cells expressing
the gorilla variant (Figurd-4 F).No internalization could be observed fdr influenzady any

of the CEACAM@xpressing HL60 lines demonstrating that CEACAM1 does not contribute to
the observed uptake (Figute4 F). Together, these data demonstrate that the gorilla as well
as the human variant mediasgpathogen internalization. However, duo the absence of the
hydrophobic notch provided by F29, the gordidhologis unable to internalizél. aegyptius
Humanization of amino acids in the gorilla variant permits effickénaegyptiudinding and
restores pathogen internalization. Thesadings 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 in Y ¢ K Scleft archit€diure determines speciespecific CEACAM3 binding and
pathogen internalization. (A, B 293T cells were transfected with GFP or the indicated
CEACAMBFP variants (green) and infected for 1 h at MOI 40 with biatid rhodamine
labeled bacteria (red) either OpgexpressingN. gonorrhoeadA) orH. influenzagB). Fixed
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samples were stained with Cyghreptavidin (blue) to label extracellular bacteria. White
arrowheads point to internalized bacteria. Scale bars 10 (®)Equivalent expression of
CEACAMB3 variants was verified by Western blotting of whole cell lysates (WCL) with a GFP
antibody (upper panel), similar amounts of loaded lysates were controlled withhalitu
antibody (lower panel). (Ojransfected cells as {A) were infected for 1 h at MOI of 100 with

E. colior E. coliexpressing OMP P1. The amount of internalized bacteria was subsequently
evaluated by gentamicin protection assay. Bars represent means * SEM from three
independent expaments done in triplica. n.s., not significant; 13 <0.01.(E)Parental HL60

cells (wt) or HL60 cells stably expressing the indicated CEAGKM®2 fusion proteins were
lysed and expression of human, gorilla, anddwuilla CEACAMBKate was analgd after
bacterial pullown by immunoblotting withanti-mKate antibodies (upper). Flow cytometric
analysis of mKate2 fluoseence in HL60 cells (lower). K60 cells were infected for 15 min
with fluoresceinlabeled N. gonorrhoeaeOpa. or fluoresceinlabeled, noropaque N.
gonorrhoeae (Opa), H. influenzag or H. aegyptius Fluorescein signals derived from
extracellular bacteria were quenched by trypan blue. Signals from phagocytosed bacteria

were detected by flow cytometry

Pathogen ahesins discriminate between CEACAM3 and CEACAM1 based on specific

sequence motifs

If human CEACAMS3 rapidly evolves to enable the elimination of variousrdsistted
bacterial pathogens via phagocytosis, then the adhesins on the bacterial side shewld al
evolve to evade CEACAMB8pendent detection, while retaining binding to epithelial
CEACAMSs, such as CEACAM1, for efficient host colonization. Accordingly, we screened Opa
adhesins and OMP P1 adhesins of diffeféngonorrhoea@ndH. influenzaesolates for their

ability to bind CEACAM1 versus CEACAMS3. Analysis of individual Opa or OMP P1 proteins
showed that some adhesins (QpaOpao, Opa2, OMP Pi.¢ associated with both CEACAM1

and CEACAMS, while a larger fraction of the adhesinss¢OPpas, Opars, Opas, OMP Piing)
exclusively bound to CEACAM1 (CEACAMIized adhesins; Figudé5 A). No adhesins

were detected, which associated with CEACAM3, but not CEACAML. These binding assays
were corroborated by FAdssed analysis, which confirmedathmost tested CEACAM

binding adhesins are optimized for CEACAM1 association, while evading detection by
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CEACAMB3 (Figute5 B). Amino acid sequence comparison between human CEACAM3 and
CEACAML1 indicated a limited setaofino acid changes that could fotime basis for selective
CEACAML1 binding (Figuitec C). We focused on six individual amino acid motifs, based on
their predicted positions in the pld, and mutated these residues in CEACAMS3 either
individually or in combination (Figurd-5 C). Whileall CEACAM3 variants were able to
recognize neisserial Ogeand H. aegyptiusOMP P1, the CEACAMftimized OMP P1 dfi.
influenzaeexclusively bound to CEACAM1 and to the CEACAMS3 variant, which combined all
six mutated locations (Figuié5 D and E andigure 1-S2A). Binding of OMP Riks was not
observed for variants lacking the V49A and T69P mutation (Higbif2 and E and FiguteS2

B). For CEACAMiptimized neisserial Opproteins the observed binding pattern was more
complex. Interaction with @ass could be reestablished by simultaneous mutation of the RQ
site together with the @ PaN, or Fsite. Mutation of the CEACAMQ site alone was not
sufficient to permit association with Opaillustrating the synergistic nature of these binding
interactions. While the CEACAM3RQPaNT variant was either incapable of mediating
interaction with CEACAMaptimized adhesins (Op& Opas, Opas) or mediated only weak
interaction (Opas), the additional mutation of V49A and T69P strongly promoted the binding
to the bacterial adhesins (Figuhe6 E). These findings illustrate the fine tuning of CEACAM3
binding to particular bacterial adhesins by single amino acid changes. From ous ngsult
would predict that polymorphisms at the CEACAM3 locus might promote binding to microbes,
which otherwise evade detection by the common CEACAMS3 allele. This would further point

to pathogenic bacteria as the driving force behind the accelerated evalatfi® EACAM3.
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incubated withE. coliexpressing the individual Opaariants derived fromN. gonorrhoeae
strains MS11 or VP1 or with OMP P1 derived fidninfluenzagHinf) orH. aegyptiugHae).
CEACAM binding was determined via bactgrdldown and subsequent immunoblotting
analysis withanti-GFP antibodies (A) or analysis of GFP fluorescaaddow cytometry (B).
(C)Amino acid sequence alignment of the-lige domains of CEACAM3 and CEACAML1. Areas
highlighted by a horizohtf o I NJ A ysRahd3 IAG & thel lél&e fold. In a stp-wise
fashion, the indicated -B amino acid changes are introduced into CEACAMS3 to emulate
CEACAMID, ESoluble GHragged CEACAMS3 variants described in (C) were incubated with
E. coliexpressing the indicated adhesins. CEACAM binding was determined via bacterial

pulldown and subsecgnt immunoblotting (D) or by flow cytometry (E). See also FitjtB2

Human CEACAM3 polymorphisms broaden the spectrum of recognized adhesins

Whole genome sequencing has uncovered numerous single nucleotide polymorphisms (SNPs)
in the human populationyhich can result in missense mutations. We speculated that affected
CEACAMB3 alleles could have a functional role in broadening the spectrum of CEACAMS3
regonized adhesins. Indeed, four SNPs are present in the CEACAIM8 tippmain coding

region with eachof 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) (Figliré A). Remarkably, these SNPs not only convert the amino
acids atthese positions to the corresponding CEACAM1 sequence, but they occur at exactly
those sites, which appeared to be highly relevant for adh€MACAM selectivity (see Figure

[I-5 D and E). All of these SNPs are strongly enriched in Africa and are gresenn 35.1%
(S43R), 35.1% (L44Q), 37.4% (V49A) and 38.1% (T69P) of individual$l-@-Ayared Figure

[I-S3). Closer inspection of the distribution of these SNPs revealed that they, almost
exclusively, canccur in the same individuals as they are presumably present in the same allele
(Figurell-6 B). Moreover, the loci show extended haplotype homozygositgvatuated with

the hapbin program, where an integrated haplotype score ([iHS]) of >2 is indicative of recent
selection(Voight, Kudaravalli et al. 200®aclean, Chue Hong et al. 2013 he fact that an

[IHS| >2 for these four SNPs is found only in several African populations, including the Esan in

Nigeria, the Luhya in Kga, and Yoruba in Nigeria, as well as people with African Ancestry

-78-



Chapter I} Resllts

from Southwest America or the Careidn (total of 463 genomes anabd), indicates a

puzzling regional selection on CEACAM3.

As R43, Q44, and A49 also contributed to enhanced recognition of CEAfpéiMized Opa
proteins by CEACAM3 (see FigiheD and E), we directly assessed the functional relevance

of these naturally occurring CEACAMS3 variants.-fagiBn proteins of CEACAMgy variants
reflecting either the common allele or the SlBsed variants were compared to CEACAM1

Igv for their binding to different pathogen adhesins. As before, CEACAM1 and CEACAM3 as
well as all SNBased variants of CEACAM3 efficiently interactetth \@pa> and OMP Piae
(Figurell-6 C). Strikingly, already the V49A substitution in CEACAM3 was sufficient to permit
interaction with all tested CEACAMptimized Opaproteins (Figurél-6 C). Furthermore, the
combination of A49 with R43/Q44 allowed CEM3 to also bind to OMP P1 Hf influenzage

a pathogen not recognized by the common allele of CEACAM3 (HigUD¢. The differences

in binding of CEACAMBS variants to Opa and OMP P1 adhesins were even more obvious in the
FACsased evaluation, where theombination of the R43, Q44, and A49 polymorphisms
transformed the norbinding common allele of CEACAMS3 to a strong binder for OMR: P1
(Figurell 6 E and Figurél S3B and S3C). 3Bmodeling of the various CEACAM3-lige
domains showed thatthe S43R [ nnv I | YR *nd¢g! NB&ARIEE I NB
while the T69P substitution is placed on the opposite face of thxdikg domain explaining

the lack of a major contribution from the T69P polymorphism (FidiuBd-). Together, these

results denonstrate 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 #6: Human CEACAM3 polymorphisms broaden the spectrum of recognized adhesins.

(A) CEACAMS3 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 coloriBiiVenndiagram depicting

the coupled occurrence of the four most common missense SNPs in the human CEACAMS3
protein. Total number of individuals is noted within the respective af€a.D, Epoluble
CEACAMSFP variants as indicated were incubated Vithcoliexpressing 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 Fig@2. (FBD-model of human
CEACAMS \dike domain based on CEACAMS crystialcsure (6AW1). For each panel: Ig
R2YFAY 2NASYGFGA2Y YR 1 22Y A& -fae/(Bie)@hdin8 R 06 dzL.
ABDHace (red). Relevant regions on CEACAM3 (WT; upper), CEACAM1 (middle) and
CEACAM3 SL43/44RQ V49A T69P variant (loveerplred: Amino acid 43 (blue), 44 (violet),

49 (orange) and 69 (green). Surface charge (fgdblue (+)) and hydrophobicity (yellow)
mapping is marked separately (right). See also Fith828
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Discussion

Innate immune receptors act as sensors and a first line of defense against pathogens. Several
pattern-recognitionreceptor families such as TLRs, N@®B receptors, and RHike receptors

are directed against broadly conserved microbial structures andrai@ly under purifying
selection in primategKimbrell and Beutler 200 Barreiro, BerAli et al. 2009Vasseur, Patin

et al. 2011 Mukherjee, Ganguli et al. 2014In contrast, the innate immune receptor
CEACAMB3, which recognizes adhesins expressed by a group of-hestrasted bacterial
pathogens, emerges as one of the fastest evolving human genes. Interestingly, CEACAM3
appears as a rather recently evolved CEACAMily member, asbona fide CEACAMS3
orthologs could not be detected in the genomes of lemurs and New World monkeys. All
orthologous CEACAM@8enes identified occupy the syntierocus, share the same exariron
structure, encode a similar sized proteindaharbor the YxxE-- YxxM HemITAM signature,
which is critical for CEACAMS function and discriminates CEACAM3 from otheehtAding
CEACAM family membeiSchmitter, Pils et al. 2003chmitter, Pils et al. 20Q0Buntru, Kopp

et al. 2011 Buntru, Roth et al. 203Zopp, Buntru et al. 201 2ils, Kopp et al. 201Bond,
Tejedor et al. 2013Delgado Tascon, Adrian et al. 2Q1Bherefore, our findings suggest that
CEACAMB3 appeared as a novel family member ar@nihillion years ago when Oldand
monkeys branched off the other siminiforméond, Tejedor et al. 2015

The appearance of novel gendas occurred multiple times in the CEACAM family, as this
group of immunoglobulifrelated proteins has a distinct assortment of membrane receptors

in each mammalian lineagg&ammerer and Zimmermann 20, Kopp, Buntru et al. 2012

Bond, Tejedor et al. 201Belgado Tascon, Adrian et al. 2015 has been noted earlier that,
similar to the situation in primates, expansion of CEACAMs in marsupials, bats and carnivores
resulted in the occurrence of paired receptors, which have similaaesllular domains, but
encode either immunoreceptor tyrosidgased inhibitory motifs (ITIMs) or activatory motifs
(ITAMs) in their cytoplasmic pgKopp, Buntru et al. 201Bond, Tejedor et al. 201belgado
Tascon, Adrian et al. 2019 his phenomenon has been explained by the role CEACAMs could
play in immunoregulation and by pathogenen selection, but direct evidence for the latter

has been lacking. Clearly, epithelial CEACAMSs serve as a mucosal docking site for viruses and
bacteria, providing a plausible explanation for their rapid diversification in mammals. For

example, epithelihRCEACAMs are exploited by several potentially deadly microbes such as
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meningococci andl. influenzagwhich can cause bacterial meningi@enger, Hightower et

al. 1990. Moreover, gonococci, one of the most common sexually transmitted bacterial
pathogens ad the causative agent of gonorrhea, have led to neonatal blindness and infertility
in a preantibiotic world(Laga, Meheus et al. 198€ates, Rolfs et al. 19pAt the moment,

we can oy speculate about the selective forces behind the appearance of CEACAMS3 within
the primate lineage. However, fatal bacterial infections (meningitis) as well as reduced
reproduction resulting from venereal diseases (gonorrhea) are strong selective pressures

which could favor the development of a germ line encoded innate immune receptor.

Pathogenic Neisseria (the gonococcusN. gonorrhoeae and the meningococcusN.
meningitidig as well asHaemophilus influenzaare specialized pathogens strictly adapted to
their human host. Indeed, while they can infect apes and have occasionally been isolated from
captive chimpanzees or gorill@slugisha, Kondgen et al. 2014hey are considered to be
naturally restricted to humandt is in line with the idea that CEACAM3 targets Hestricted
bacteria, that human, but not monkey CEACAMS3 can bind at least a portion offthesm
adapted pathogens. To investigate, if CEACAM®logs 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 rhesuskeys. However,
there is little knowledge about hosestricted 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 importartally transmitted microbes

in wild chimps and gorillas have failed to detect bacterial pathogens known from the human
genital tract such a€hlamydiaspp. orTreponema pallidunfRushmore, Allison 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 CEACAMBologs are better in

recognizing strainderived from the autochthonous microbial flora of the respective apes.

As CEACAIMdinding pathogens exploit epithelial members of the CEACAM family, such as
CEACAML1 and CEA, to facilitate colonization of host mucosal sufffuweszner, Bachmann
et al. 2010, binding to these epithelial CEACAMs should be favored. On the other hand,
avoidance of recognition by CEACAMS3 allows evasion of opsaependent phagocytosis
mediated by this granulocyte receptor. In line with this idea, our detaitedyesis of numerous

pathogen adhesins detects a clear bias of CEACAM1 versus CEBIGAINSiIn Opa and OMP
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P1 adhesins and confirms earlier stud{@oth, Mattheis et al. 2013intsova, Wong edl.

2015. A strong indication that CEACAMA&sed detection is to the disadvantagé the
pathogen is the fact that selective CEACAbM&Iing adhesins, which lack binding to the
epithelial CEACAMSs such as CEACAML1 or CEA, do not seem to exist. To identify the molecular
determinants that allow pathogens to discriminate between CEACAM1CHACAM3, we
converted the amino acid sequence of the CEACAMBKiEydomain in a stepwise fashion to

reflect the CEACAML1 primary structure. This extensive mutagenesis approach revealed a
YAYAYILE aSid 2F G§KNBS | Yaseokthe lglkk FomDKB4gRIINEQ 2y
and V49A), which dramatically broaden the binding spectrum of CEACAM3 to not only
recognize CEACAMbtimized neisserial Opa proteins, but also to detect the OMP P1 adhesin

of H. influenzagFigurell-7). Strikingly, all threemino acid alterations are also carried by
polymorphic human CEACAMS alleles, which show signatures of positive selection in African
populations. These findings are in line with the idea that CEACAMS3 polymorphisms could
provide a selective advantage, by ¢alling a wider range of CEACANhding pathogens,

and that this positive selection could form the basis for the rapid evolutionary divergence of

CEACAMB3 seen in different primate species.

Recent crystallographic studies have revealed the binding mode of another CE3p@AIRt
adhesin, the HopQ protein d¢telicobacter pyloriThis adhesin also mediates a direct protein
LINPGSAY AYGSNI OGAZ2Y ¢ A G Klikdidsnsain,/whefe@ Eovefsla@ige 2 ¥
surface aregBonsor, Zhaet al. 2018 Moonens, Hamway et al. 201.8n contrast to the
CEACAMbptimized neisserial Opargteins and the OMP R, HopQ exhibits increased
affinity for V49 (as found in the common allele of CEACAM3) compared to A49, as it is found
in CEACAM@Moonens, Hamway et al. 201.8Therefore, the same amino acid change from
V49 to A49, which is instrumental to allow CEACAMSliated recognition of sevef®pa
proteins ofN. gonorrhoea@and ofH. influenza@®OMP P1, might come at the cost of reducing
affinity for HelicobacteHopQ. In the long run, the multivariate selection pressure exerted on
CEACAMS by different pathogens and their CEAGANINg adhsins 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
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Figure §7: Recognition oHaemophilus aegyptiuand Haemophilus influenzaby CEACAMS3
variants. (Upper)The Ig-like domain of CEACAM3 variants identified in baboon, gorilla and
rhesus monkey are unable to recognize the OMP P1 adheklaevhophilus aegyptiusvhile
chimpanzee and human CEACAM3 bid®MP P1 expressitdpemophilus aegypis. This
difference in binding affinity is based on a phenylalanine residue at position 28 luthan

and chimpanzee variant. (Lowé&hile the major human CEACAMS allele lacks binding affinity
to the OMP P1 adhesiof Haemophilus influenzaan allele variant, frequently found in
Africanancestry populations, is able to mediate this interaction based on three amino acid
exchanges
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givenpopulation could differ, with heterozygotes able to efficiently recognize a broader range

of bacterial pathogens via granulocygepressed CEACAMS3.

Accordingly, combining the common CEACAMS3 allele with a second CEACAM3 allele, which at
three positions mints 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.

Togeter, our study uncovers a hitherto underappreciated immune receptor, CEACAMS, 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 -gesyative, human
restricted bacteria. Importantly, CEACAM3 polymorphisms occurring in the human population
expand the repertoire of recognized pathogen adhesins suggesting an orayonsgrace in

line with the RedQueen hypothesis.
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Methods

Experimental model and sigzt 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 AC@35). The cellswere maintd8nR Ay 5dz 6 SO02Qa Y2RATASR
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, VAIl(dine number CCR40). 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. gonorrhoeaeMS11B2.1 strains expressing Qpéstrain N309) or no Opa
proteins (strain N302) were described previouSghmitter, Agerer et al. 200Bacteria were
grown at 37°C, 5% GOn GGAgar (Gibco BRL, Rsigy, UK) supplemented with &Afamin

mix (1:100) ad appropriate antibiotics. G@tamin mix is prepared by solubilizing 20 g
glucose, 2 g glamine, 5.2 gd{cysteine, 20 mg cocarboxylase, 50 migptinamide adenine
dinucleotide (NAD), 4 mg Fe(®¢)30 mg arginine, 0.6 mg vitamin,B2 mg vitamin B, 26

mg p-aminobenzoic acid, 220 mg cystine, 200 mg adenine, 100 mg uracil, 6 mg guanine in 200
ml HO, pH adjusted to pH 7 with HElaemophilus influenza®D KW20 obtained fromReid|
(KartFranzens University, Graz, Austria) addemophilus aegyptiuvATCC11116 (DSMZ
German Collection of Microorganisms and Cell@ea#f) were grown on bratheart-infusion

agar supplemented with Levinthal ba§Echoupa, Lichtenegger et al. 2Q1kevinthal base
was produced by adding 25 ml defibrillatedree blood to 250 ml autoclaved braheart-
infusion (BHImedium at ~60°C for ®in 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
pHg/ml NAD.E. colistrains expressing neisserial Opa proteingHaemophilusOMP P1 have
been used previosly (Roth, Mattheis et al. 2013Tchoupa, Lichtenegger et al. 2015

Rushmore, Allison et al. 201 The UspA1l codingguence was amplified from chromosomal

9

DNA of M. catarrhalis 6 &G NI Ay ' ¢/ / HpHOYDU dza A y 3
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CGCCTCGAG¢ ! ¢ ¢ ¢/ / ! D/ DD le!lcDNAWas/inseaed dia Nodhol (restriction
sites in pimers underlined) into pEZ8a (Novagen, Madison, Wisconsin). The pET28a vector
encoding UspAl was transformed i coliRosetta(DE3) (Novagen, Madison, Wisconsin).
Expression of Opa protein©MP Pias OMP Piins or UspAl inE. coliRosettaDE3) was
AYRdzOSR 0@ wm-DY-hioghlac®nydsddide (PTEG) for 3 h.Rlcolstrains were
cultured at 37°C in Lysogeny Broth (LB) supplenteni¢h appropriate antibiotics.

Method details

Recombinant DNA

The pDNRDual LIC vector was created by modification of the pIDMBI vector (Clontech) by

replacing the multiple cloning site with a corresponding -AI€EG S 6 LINR Y S NA
¢/ D!/ ¢//¢/////DDD¢¢! D¢eDDDD// 0Q YR pQ [/ /¢
The pLL¥ LIC mKate2 vector was created by modification of pLL3.7 (Addgene #11795) by
replacing the multiple cloning site with a corresponding -AIEG S 6 LINK Y S N&
/¢! D/ DV/ ¢/ ¢/ // /] DDD¢¢! D¢eDDDD/ ! 0Q YR pQ [/ /D
0Q0 @Al b KSIAM3 I§-kké domainkofPan ftr&glodytesGorilla gorilla Macaca

mulatta and Papio anubisvere custom synthesized (Eurofins Scientific) based on published
sequences (see Table S1). The coding sequences were amplified usingspecfesprimers

(see Tald S2). The CEACAM coding sequence was inserted via LigaependentCloning
(LIC)intopDNB dzl £ [ L/ ® ¢KS O5b! a ¢6SNB adzoaSldzsSyif @
mediated recombination to yield primat€ EACAMBIT-EGFP. Alterations in human or gorilla
CEACAMa3s were introduced by Splicing by Overlapping Extension (SOEing) PQRersalg u
LICbased CEACAMS3/fprward and reverse primer together with a mutation specific primer

set (see Table S2). After SOEing w (NI} YATFTSNI Ay (2 -Du tId wa@9 DCt
performed as described above. Gorilla anddurilla full length receptors were produced by
SOEINg?CR combining gorilla/kgorilla 1g-like domains and human CEACAM&fninal

domain that is identical to the gorilla WT receptor on the amind éoiel (see Table S2). After
SOEIndg’CR, cDNA was transferred via LIC into either gDINRRLIC and subsequently into

LIt {0oQ9DCt 2 NJ A ibzreatdpfimnat@EACAMBIKAIE H

Transfection of 293T cells
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CNI yaFSOuraz2y 2F Hpo¢ OStfa gAGK LJt{oQ9DCt
phosphate ceprecipitation usings g of plasmid DNA for each &t culture dish at ~20%
confluence. Transfection solution was produced by adding 5 pg of plasmid DNA jib D

before adding 500 pl 2x HBS buffer (274 mM NacCl, 42 mM HEPES, 1.4RROQNpH 7.05)

and 50 pl 2.5 M Ca£l

Lentivirus production and generation of stable cell lines

293T cells were transfected with 7 ug pMD2.G, 10 pg psPAX2 and 13 ug pLIbdringnéne
corresponding mKatefagged prima¢ CEACAMS3 construct) by calciyphosphate ce
precipitation. After 72 h the virusontaining supernatant was cleared by centrifugation and
sterile filtered with a 0.45 um syringe filter. Spinfection was perforroadatches of 1x10

HL60 cells in 1 ml culture medium by addition of 1 ml virus containing supernatant with 8
pg/ml hexadimethrine bromide and subsequent centrifugation at 800 xg for 1 h at RT. Positive
clonal cell lines were obtained after flow cytometrsingle cell sorting of cells showing

expression of the red fluorescent protein mKate2.
Binding assay with soluble CEACAMs

Soluble recombinant GRRgged CEACAMy proteinswere produced in HEK293T cells. 24 h
after transfection, culture medium was reglad 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 CEAGAIMP fusiomroteins were clustered with polyclonal anti

GFP antibodies (tapols GmbH, Konstanz, Germany) overnight at 4°C. Ther? hattria

were incubated with 1 ml supernatant containing the indicated -&ibn proteins for 1 h at

37°C under gentle rotation. éxt, bacteria were washed twice with 1x phosphaigfered

saline (PBS) and samples were processed for either immunoblotting analysis with GFP

antibodies or flow cytometry to detect bacterassociated fluorescence.
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Gentamicin protection assay

One day &er transfection, 293T cells were seeded in individual wells af/éiplates (5x19
cells/well) coated with gelatine. Next day, cells were infected Witleolior E. coliexpressing
Omp Plaeat a multiplicity of infection (MOI) of 100. 2 h after infection, extracellular bacteria
were killed by 1 h incubation with 100 pug/ml gentamicin in cell culture medium. Internalized
bacteria were released by cell lysis with 0.5% (w/v) saponin in PBS fianiriland 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 twetailed t-test.
Analysis of bacterial imasion by flow cytometry

Prior to infection, bacteria were suspended in 1 ml PBS, 2 pg carboxyfluorescein
succinimidylester (CFSE) was added and bacteria were labeled for 20 min, at 37°C under
constant shaking. The residual staining solution was removezbiyifugation (5000 rpm, 5

min) and three times washing with PBS.

1x1C HL60 cells were suspended in 1 ml phagocytosis buffer (PBS, 0.9 niV0C&GIM
MgCh, 5 mM glucose, 1% heat inactivated fetal calf serum) and infected with fluorescein
labelled bateria 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 fluonesigeal

(Pils, Schmitter et al. 200&Raw data were processed with FlowJo
Immunofluorescence staining for confocalicroscopy

One day after transfection, 293T cells (4k&6lls/well) were seeded on gelatooated glass
coverslips in 24vell plates and cultured for one day. Prior to infection, bacteria were labelled
with biotin- and rhodaminesuccinimidyl ester (SUKNHSSSBIotin / TAMRASE) 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 westained with streptavidirCy5. As a result, extracellular
bacteria were marked by both rhodamine and Cy5, while intracellular bacteria were only

stained with Cy5.
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Immunoblotting and antibodies

Westernblot was performed as described earligtauck, Hunter et al. 20Q01lusing a
monoclonal antibody (mAB) against GFP (clor®, ILlonetech, Palo Alto, CA)AB against
tubulin (clone E7DSHB,University of lowa), and polyclonal antibodies against mKate2
produced in the local animal facility at the University of Konstanz. All peroxidase and
fluorescencdabeled secondary antibodies were purchased from Jackson ImmunoResearch
(West Grove, PA)

Identification of primate CEACAM@rthologs

Bioinformatic identification of primate CEACAMRhologs was performed by alignment of

the human CEACAM3 protein sequence with genomes listed in Table S3 using NCBI BLAST.
Matching regions were sorted based on thgenomic positions and subsequently aligned to

the human CEACAM3 gene sequence to allow mapping of #atcon boundaries. By taking

into account overall domain structure, domain order, exon length and intron length, this
procedure permits reliable diffentiation between human CEACAfRMIily members and is
therefore also able to prevent misidentification of other primate CEACAMs. Genomes
containing all human CEACAMS3 derived exons in the correct order and spacing as well as
encoding a protein with a cytopsmic HemITAM motifBuntru, Roth et al. 20)2were
assumed to encode a CEACAMBolog. Futhermore, for all genomes, where a CEACAM3
orthologs gene could be identified, we investigated gene synteny of the CEACAM locus and
could detect theorthologs CEACAM3 gene placed in the same position and identical

transcriptional orientation relatived the CEACAM1 and CEACAithologs (Figurdl-S1).
Analysis of human CEACAM3 polymorphisms

High abundance CEACAM3 polymorphisms were located using the 1000 genomes project
browser Variation table. We focused on missense variants encoded by SNPs witiala glo
minor allele Frequency >0.05 over all 1000 Genome Phase | populations. Analysis with the
1000 Genome browser population genetics module permitted quantification of polynigrp
occurrence as well as homgagote/heterozygote diversity by continent andrament-derived

populations.
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CEACAM enrichment from cell lysates

To enrich Op& binding CEACAMSs from HL60 cell lysaiEssseria gonorrhoeaexpressing
Opa. were harvested from an agar plate and resuspended in a fixation solution (4% PFA in
PBS) for 20 minutes. After e washing steps with PBS, ~A.8Xfixed bacteria were added
to 1 mIHL60 cell lysate (-3’ cells) and rotated at 4°C for 1 Neisseriavere collected by

centrifugation at 5000 rpm for 5 min at 4°C and washed twice with PBS.
Structure modeling of CEACAM3/like domains

CEACAMB3 protein sequences were modeled orctistal structure of the Merminal domain
of human CEACAM3 (6AWBpnsor, Zhao et al. 2008z A f AT Ay 3 a{2L{{ ah59
protein structure homologymodeling (Peitsch 199% Hydrophobicity and charge mapping

was performed using a previously published ¥3Bpt(Hagemans, van Belzen et al. 2D15
Quantification and statistical analysis

The internalization of adhesin expressing bacteria by HEK cells exp@E£W@AM constructs
was quantified by counting of colony forming units in three technical replicates. Avdedge
from three independent experiments, each performed in triplicatereveompared using the
two-tailed t-test in GraphPad Prism 5.0.1. A sigaifice threshold was set at 05. See

figures and figure legends for the statistical details.
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Key resources table

Reagent or Resource Source Identifier
Antibodies
Mousemonocolonal antiGFR]L-8 BD Biosciences AB 2314359
HRPconjugated Goat antnouse Jackson AB_2307392
ImmunoResearch
Mouse monoclonal AnfTubulin E7 DSHB, University lowa | AB_528499
Mouse monoclonal Angpan-CEACAM Aldevron Cat# GM05-05
Rabbitpolyclonal AntimKate2 University of Constance| N/A
Mouse monoclonal AniPTyr PY72 Upstate Biotechnology | PY72AB_448291
Mouse monoclonal AnmDpa 4B12/C11 (Achtman, Neibert et al.| 4B12/C11
1988
Rabbit polyclonal AMisFPtag tag-tools N/A
HRPconjugated Gat Antirabbit Jackson AB_2313567
ImmunoResearch
Streptavidin, Alexa Fluor® 647 conjugate Thermo Fisher Scientific AB_2336066
antibody
Bacterial and Virus Strains
Non-piliated N.gonorrhoeaeMS11tB2.1 Ope. | (Makino, vanPutten et | N309
al. 199)
Nonpiliated N.gonorrhoeadMS11B2.1 Opa | (Makino, vanPutten et | N302
al. 19923
Haemophilus influenzae A.Wright (Tufts RD KW20
University, Boston, USA
Haemophilus aegyptius DSMZGerman ATCC11116
Collection of
Microorganisms and Ce
Cultures
Escherichia cotiTrc99A0pas (Kupsch, Kepper et al. | N/A
1993
Escherichia coRosetta(DE3)et28a OMP P11 | (Tchoupa, Lichtenegger| N/A
Hinf et al. 2019
Escherichia coRosetta(DE3)et28a OMP P1 | (Tchoupa, Lichtenegger| N/A
Hae et al. 2015
Escherichia coRosetta(DE3)et28a UspAl This Paper N/A
Escherichia coRosetta(DE3)et28a Opas (Roth, Mattheis et al. N/A
2013
Escherichia coRosetta(DE3)et28a Opar (Roth, Mattheis et al. N/A
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Escherichia coRosetta(DE3)et28a Opas

Escherichia coRosetta(DE3)et28a Opao

Escherichia coRosetta(DE3)et28a Opao

Escherichia coRosetta(DE3)et28a Opas

Escherichia coRosetta(DE3)et28a Opa

Escherichia coRosetta(DE3)et28a Opas

Escherichia coRosetta(DE3)et28a Opau

Escherichia coRosetta(DE3)et28a Opas

Chemicals, Peptides, and Recombinant
Proteins

(Roth, Mattheis et al.
2013
(Roth, Mattheis et al.
2013
(Roth, Mattheis et al.
2013
(Roth, Mattheis et al.
2013
(Roth, Mattheis et al.
2013
(Roth, Mattheis et al.
2013
(Roth, Mattheis et al.
2013
(Roth, Mattheis et al.
2013

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

EZ[ A ySulloNHSSSBiotin
Trypan blue

IPTG

gentamicinsulfag

saponin
Carboxyfluorescein SE (CFSE)
TAMRASE

GCAgar

BHIMedium

Agar

NcolFD

XhotFD

NhetlFD

AgetFD

hexadimethrine bromide
OptiIMEM

DMEM

RPMI

Calf serum

Fetal calf serum
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Thermo Fisher Scientific
AppliChem

Roth

AppliChem
AppliChem
Molecular Probes
Molecular Probes
Becton Dickinson
Becton Dickinson
AppliChem
Thermo scientific
Thermo scientific
Thermoscientific
Thermo scientific
SigmaAldrich
Gibco

Merck

Merck

Biochrom
Biochrom

Cat# 21331
Cat# A0668
Cat# 206703-0
Cat# A1492
Cat# A2542
Cat# C1157
Cat# C1171
Cat# 228950
Cat# 237500
Cat# A2113
Cat# FD0574
Cat# FD0694
Cat# FD0973
Cat# FD1464
Cat# 107689
Cat# 1105821
Cat# FG0435
Cat# FG1215
Cat# S 0125
Cat# S 0115
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Deposited Data

Data for primate genome analysis see Table
SNP: T69P

SNP: V49A

SNP: S43R

SNP: L44Q

Hapbinrdataset

-05-

1000 Genomes Project

1000 Genomes Project

1000 Genomes Project

1000 Genomes Project

Hapbindataset

rs61737014
http://phase3bro
wser.1000genome
s.org/[Homo_sapie
ns/Variation/Explo
re?source=dbSNP
v=rs61737014;vdb
=variation
rs61737019
http://phase3bro
wser.1000genome
s.org/Homo_sapie
ns/Variation/Explo
re?source=dbSNP
v=rs61737019;vdb
=variation
rs61738270
http://phase3bro
wser.1000genome
s.org/[Homo_sapie
ns/Variation/Explo
re?source=dbSNP
v=rs61738270;vdb
=variatbn
rs61738269
http://phase3bro
wser.1000genome
s.org/Homo_sapie
ns/Variation/Explo
re?source=dbSNP
v=rs61738269;vdb
=variation

* ¢chrl9.bg.gz
https://datashare.i
s.ed.ac.uk/handle/
10283/714
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Experimental Models: Cell Lines

HEK293T DSMZ RRID:CVCL_0063
HL60 DSMZ RRID:CVCL_0002
HL60 CEACAMBKate2 This study
HL60 CEACAMBKate2 Cerulean This study

HL60CEACAM&Kate2 Cerulean sgCerulear| This study

Oligonucleotides
Primers for PCR, see Table S2 This paper

Recombinant DNA

pDNRdual Clonetech N/A
L]t { oQ9DCt Clonetech N/A
pLL3.7 Addgene #11795

Software and Algorithms

Swissnodel (Waterhouse, Bertoni et| N/A
al. 2018
SNAP (Korber, Muldoon et al. | v2.1.1
2000
Image Lab BioRad 5.2.1 build 11
YRBscript (Hagemans, van Belzen| DHS065
et al. 2019
FlowJo FlowJo LLC v10.0.7
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Supplementary information

Supplementary Figures

8 (a} LIPE CD79A a 6 cs c7 4 1 TGFB1
Homo sapions (——{I) D—//—4 G—F—FD—D—<1 D
D—o D—— &—a—aD—b —
ot gots ———( D—/— &e—a0—aD—D>a——D
pongo avi D D—// 4 a—a—aD—>—C D
acaca s [D——1 D—f —a——aD—> D
papo s [D——D D /——a—a—aDD D
| IE— |
50.000 bp 400.000 bp

Figure HS1: Syntenic relationship of the CEACAM gene locus in highierates. Related to
Figure 1

(A) Comparative analysis of gene synteny in the CEACAM locus in all species for which a
CEACAM3 ortholog was identifie@epicted are the CEACAd&hcoding loci (colorized)
CEACAMS (C8), CEACAM1 (C1), CEACAMS (C3), CEALBHACBMS (C5), CEACAMT (C7),
CEACAM4 (C4), CEACAM21 (C21) and th&cEACAM marker loci (grey) encodipgseE
(LIPE), CD79A and transforming growthfactor b1 (TGFB1). Transcriptional gene orientation is
indicated by arrowheads. All identified CEACAMS3, red) orthologs are located between the
syntenic CEACAMG6 (C6) and CD79A encoding loci and the transcriptional gene orientation of
all shown CEACAM family member is conserved within the indicated sp€&be®bserved
synteny supports the proper idenithtion of CEACAMS3 orthologs in higher primates.
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Figure H#S2: Pathogen adhesins discriminate between CEACAM3 and CEACAM1 based on
specific sequence motifs. Related to Figuresli

(A, B)Soluble GFeagged CEACABariants (described in Figuiles C) were incubated with
E. coliexpressing the indicated adhesins originating fidngonorrhoeadA),H. influenzaer
H. aegyptiugB) respectively. CEACAM binding was determined via baepedidown and
subsequent flow cytometry.
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Figure 1I-S3: Human CEACAMS3 polymorphisms broaden the spectrum of recognized
adhesins. Related to Figuié&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 ®global scale, the CEACAM3 V49A
or T69P SNPontaining variants are found nearly exclusively in African populatiodsrored

-99-



Chapter IF Supplementary information

populations (21% allele abundance over all African subpopulations) and are absent from
sequences of European and Asian popolas. (B, C)Soluble GFagged CEACAMS variants
(described in Figurg-6 E and~) were incubated witk. colexpressing the indicated adhesins
originating fromN. gonorrhoeagH. influenzaeor H. aegyptiusespectively. Adressing the
effects of the reslues V49A and T69P alone (B) or in combination with the SL43/44RQ SNP (C)
CEACAM binding was determined via bactgridldown and subsequent flow cytometry.
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Abstract

The human mucosa is colonized by a diverse microbial community comprisingnlyot
prokaryotes and viruses but also eukaryotes such as protozoa, parasites and fungi. Among
those fungi the pathobiontic yeastandida albicanglays a remarkable roleC. albicans
constitutes a serious threat to the health of immunocompromised patiestst can breach

the mucosal barrier and cause local as well as systemic infections, known as Candidiasis. The
immune system of a healthy host renders thassue andlood intruding yeasts harmless via
efficient phagocyte mediated clearance. This isoagglished by specialized phagocytic
receptors on the cell surface such as Destin § KA OK NI O 2gligansiaiariggerdzy” 3 | €
the uptake and elimination of phagocyengaged fungi. A recent study implicated another
innate immune receptor to bindC. albicans the carcinoembryonic antigerelated cell
adhesion molecule 3 (CEACAM3). CEACAMS is exclusively expressed on granulocytes and
belongs to the CEACAM family which also comprises epithelial members. This family has been
extensively studied in its te as receptors for pathogenic bacteria such Neisseriaor
HaemophilusMicrobial attachment to epithelial CEACAMs facilitates colonization of the host
epithelium, while recognition by CEACAM3, results in phagocytosis of tissue infiltrating
CEACAMDInding microbes. In this study we explore the effect of yeasiognition by
CEACAM3 and its contribution to host defence during potential Candidiasis. Remarkably,
CEACAM interaction is depended on growth condition€arididasuch as iron limitation or

the presence of serum, as are commonly experienced by tissue infiltrating microbes. Binding
assays revealed that CEACAMS is able to recognize a broad range of fungi, which might
underline the exceptional protective spectrum of this immune receptor. Interestidgpdida
recognition can only be accomplished by human CEACAM3 and the closely related chimpanzee
CEACAMS3 but is absent in other primatehologs hinting to a more recent evolutionary
occurrence. Still, the proteinaceous component @andidainvolved in EACAMbinding
remains elusive. Presumably via this adh&imlbicansctivates the innate immune receptor
CEACAMB3 and causes intracellular receptor tyrosine phosphorylation but does not result in
CEACAM38ependent uptake. Togetheour results implicateCEACAM3 in the recognition and

thereby activation of downstream signalling following yebstding to host phagocytes.
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Introduction

Fungi such asSaccharomycesAspergillus or Candida colonize the human body as
commensals including skin and mucosal acek. Especially the gastrointestinal tract is
inhabited by a variety of fungal species. However, this group of commensals also sontain
opportunistic pathogens(Richard and Sokol 2019Certain environmental, health or
therapeutic circumstances such as antibiotic therapy, or indirect, immuneersyst
compromising factors of the host can favour the induction of pathogenic fungal
characteristics. A prime example @Gandida albicanswvhich readily switches from its
commensal yeast cell phenotype to an aggressive filamentous form all@viadpicango
breach the intestinal epithelial barrigKim and Sudbery 20)1Invasion of the surrounding
tissue causes fatal local infections. By extension into the bloodstr€amlpicansan rapidly
spread and infect multiple organs causing-tiieeatening systemic infections. To counteract
this potentially fatal dissemirion, specialised phagocytic immune cells engtigeue and
blood intruding microbes, rendering them harmless via phagocy{@sis Zhang et aR016).

The prerequisite for this defence is high affinity recognition of the invader. Therefore
phagocytes possess specialized receptors such as the membrane beiype @ctin
receptors (CLECs). These pattern recognition receptors target conservethiadistructures.

The innate immune receptor Dectihof the CLEC family targets invading fungi by recognition
2 F-glucan structures in their fungal cell wall. Deetican initiate elimination of microbes by

inducing phagocytosis and intracellular kifj{Schorey and Lawrence 2008

A recent study has indicated that an additional, more specialized receptor aiming for a certain
adhesin instead of a universal surface pattern could also contribute to the defence against
invading fungi: the carcinoembryonic antigezlated cell adhesion olecule 3 (CEACAM3)
(Klaile, Muller et al. 2097 CEACAMS3 is a human glycoprotein, @sigkly expressed on
polymorphonuclear granulocytes (PMNs, neutrophils) and belongs to the carcinoembryonic
(CEA) family, which is part of the immunoglobulin superfamily. The CEA family subdivides in
two groups, the pregnancy specific glycoproteins (P&@s}he CEA cell adhesion molecules
(CEACAMS). In addition to numerous physiological functions CEACAM1, CEACAM3, CEA
(CEACAMbS), and CEACAMG are also implicated in a pathophysiological context. These cell
surface molecules serve as docking site for sevieahan restricted pathogens such as

Neisseria gonorrhoeaoraxella catarrhalis, Helicobacter pyloor Haemophilus influenzae
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These pathogens express unique adhesins to interact with their molecular target: the-amino
terminal immunoglobulin variable glike domain of CEACAM molecul¢Shen and
Gotschlich 199&Hill and Virji 2003Tchoupa, Lichtenegger et al. 20K®oniger, Holsten et al.

2016. CEACAM1, CEA, and CEACAMG are exposed on the apical surface of epithelial cells and
utilized by CEACANInding microbes to enhance mucosal colonization. In addition, CEACAM
engagement also permits pathogens to suppress innate immune it such as the
mucosal exfoliation respongduenzner, Rohde et al. 200Muenzner, Kengmo Tchoupa et

al. 2016§. Remarkably, CEACA¥hding pathogens such d¢eisseriameningitidis(bacterial
meningitis) orHelicobactepylori(chronic gastritis, stomach cancer) inhabit large parts of the
healthy population, rarely leading to severe diseases. The cause is found in the grarulocyte
restricted innate immune receptor CEACAMS3. The extracelluldiklgdomain of CEACAM3
exhibits hgh sequence congruence with the pathogen target CEACAMs CEACAM1, CEA, and
CEACAMG6 and therefore functions as bait for CEA#&Nbiting microorganisms. CEACAM3
engages tissue penetrating microbes via their CEACAM interacting adhesins and triggers rapid
opsonin-independent phagocytosis and stimulates microbicidal pathways of granulocytes
(Schmitter, Agerer et al. 200%arantis and Gra@wen 200). CEACAM3 engagement leads to
receptorclustering and subsequent phosphorylation of its intracellular immunoreceptor
tyrosinebased activation motif (ITAMlke sequence. In contrast to a canonical ITAM
sequence (YxxLibx2)YxxL/l) found in immuneagnalling receptors, such ascéll receptors or

C Greceptors, CEACAM3 possess aamHAM (YxxlaYxxM) sequence such as the
phagocytic innate immune receptor Dectin(Buntru, Roth et al. 2092 While CEACAM3
expression is restricted to neutrophils, Deelins expressed by various myeloid cells and
serves as patteNB O2 Ay A U A 2y -gliBaBsS ddiivedNdronT fuhgal icell walls.
Remarkably, both receptors share striking similarities. Like fimmunesignalling
R2gyaiuNBFyY 27F [/ 9! -glucanbyDed#Bléa8s@iphagofytodisfof engaged

LI NI AOf Sax (GKS LINRPRAzOGUA2Yy 27T -NBiatddlirclegs8 of2 E& 3 S
proinflammatory cytokines. A similar immune response t&nobserved for CEACAM3
activation. For both receptors phosphorylation of the membrane proxityabsine residue

within their HHmITAM sequence is essential and can initiate areralbracing immune
response. Phosphorylation of the membrane distal tyrosesdue, however, is dispensable

for signal transductiorfRogers, Slack et al. 2Q@%uller, Williams et al. 200.7
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Candida albicanspecifically binds to human CEACAMSs but not to other mammalian CEACAM
family members (e.g. mouse, rat). It directly interacts with the anteérainal 1g-like domain

of human CEACAM1, CEACAM3, CEACBALCAMG; the absence of-lige domains has no
effect, in contrast, depletion of the Jdike domain abrogates binding. The CEAGAMIng

adhesin ofCandida albicans currently unknowr{Klaile, Muller et al. 2017

In this study we investigate how CEACAM3 might contribute to the elimination of tissue
infiltrating CEACAMNgaging pathogenic yeast and by which molecular faCtoalbicanss

able to engage with epithelial and neutrophdstricted CEACAM family membeWe reveal
several environmental factors that strongly alter the affinity ©f albicando CEACAM
receptors, and explore the relevance of its different organismal states to this process. Further,
we show that human CEACAMS3 gets activated in responGedibicangecognition and that

this recognition is highly specific.
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Results

The innate immune receptor CEACAM3 recognizes different yeast species

The hematopoietic receptor Dectih plays an important role in antifungal innate immunity,

as it mediatesY Ydzy S OSft t A y-gluSanIstiQdiuie8 of thes flingak cell wall and
thereby triggers phagocytosis and related responses. Interestingly, previous studies observed
an interaction of the pathobiontic yeasCandidaalbicans and Candida glabratawith
extracellular domains of CEACAM family members including the granulepgtafic immune
receptor CEACAM3. CEACAM3 is known to trigger opsuependent phagocytosis of
bound particles and induce immune response after clustering. In this study we aspire to
determine the potential role of CEACAM3 in the recognition of CEACAM binding yeast cells
and its capability to trigger associated immune responses. Therefore, CEBIGANY
analysis was conducted using soluble-lige aminceterminal (NT) domains of huma
CEACAMSs. Remarkably, not o@gndida albicanand its close relativ€andida dubliniensis

but also the commensaleastspeciesSaccharomyces cerevisiaad the laboratory model
yeast specie®ichia pastorisvere able to interact with epithelial CEA agll as the innate
immune receptor CEACAMS. In contrast, none of the tested yeast species was able to bind the
presumed innate immune receptor CEACAM4 (Figuk Al). The CEACAM binding pattern
consistency between the yeast strains suggests a commorengets surface structure which

is responsible for the interaction. Environmental changes such as high temperature, pH
conditions, iron starvation or the presence of serum are known to moduCatedidagene
expression patterns and can therefore be utilizeduinhcover interaction determining factors.
Those environmental factors are also known to turn the commensal fungus into its virulent
form by triggering yeasto-hyphae transitior(Si, Hernday et al. 20)8erefore all conditions

were tested with the filament formatiowleficientC. albicanstrainCan34Clearly, preculture

in alkaline medium or under iron starvation decreases,vanecompletely abrogates CEACAM
binding whereas higher temperatures do not alter the binding behaviour (FigtteBlJIC.
albicanggrown in fetal calf serum (FC&)riched medium showed a concentration dependent
increase in CEACAM association hintingamoenhanced presence of the CEACGBiINting

protein on the fungal surface (FigurellC).

-106-



Chapter I} Results

NN
‘] W
SRR
& F N
CQ? CQ? Cﬁ? Ca Can34
- &
&
2>
&
43 —— - ‘ b - Qo
& A ©
Supernatant; blot: a-GFP
* CEA-NT
Candida 43 — .
43 —|. ! albicans Pulldown; blot: a-GFP
Candida
43 — - ! dubliniensis C
Sacch.a.romyces Can34
- cerevisiae
43 _—! FCS[%] - 01 1 10
Pichia
s | ' pastoris 43 — w—- | T
Pulldown; blot: a-GFP Pulldown; blot: a-GFP

Figure IH1: Recognition of human carcinoembryonic antigeelated cell adhesion
molecules (CEACAMS) by various yeast species in a growth condition dependamnten (A)
GFPtagged aminegerminal (NT) domains of human CEACAM3, CEACAM4, and CEA were
generated as secreted proteins in HEK293T cells. Equivalent amounts of the different soluble
N-terminal domains (supernatant topmost panel) were incubated witlC. albicans C.
dubliniensis S. cerevisigeor P. pastoris Bound CEACAMyv domains were recovered in a
yeast pulldown and evaluated via immunoblotting analysis aitii-GFP antibodies. (B, C)
Receptor binding assays as described in (A) were performedaattbrdingly precultured (3

h) C. albicangCa: wildtype strain; Can34: filament formatieseficient strain). The impact of

the respective growth conditions on CEAGAS4ociation was evaluated via immunoblotting

analysis.

C. albicansnorphological and maing type variation has no impact on CEACAdihding
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C. albicangs a polymorph organism which readily switches from its commensal yeast cell
phenotype to a virulent hyphal phenotype and also can switch between different mating
phases: a white phase and an opaque ph¢atsky, Staebell et al. 198The whitephase
phenotype describea spherical yeast cell type that is able to induce hyphae formation and
appears as white hemispherical colonies when grown on gobdith medium.The opaque
phase phenotype represents an elongated matoognpetent form ofC. albicansind exhibits

grey flat coloniegMiller and Johnson 200&asse, Hasenberg et al. 2D1Ro test if CEACAM
interaction is associated with a certain phenotype ©f albicans binding studies were
performed utilizing yeast cells and hyphae (Figurg W) as well as opaque and white phase
cells (Figure H2 B).C. albicanswas grown overnight under varying culture conditions
comprising different temperatures, presence or ebhse of serum and iron. Hyphae were
induced in conditioned cell culture medium. Bindistgdies with yeast cells or hyphae
indicated no significant difference in CEACAM interaction. However, in contrast to hyphae,
commensal yeast cells provided an addiabhand of a lower molecular mass. The commensal
form of C. albicanseems to process associated CEACAM molecules (Figir) ICEACAM
lgv-like domains are highly glycosylated, therefore the lower band observed could result from
sugar degradation or ptal cleavage of the Merminus by fungal proteases. However,
elucidation of processing disparities is not object of this study. Interestingly, iron starvation
seems to severely compromise CEAG#AMIing of hyphae but not yeast typ€. albicas
(Figure k2 A).

The switch between white and opaque phase occurs spontaneou€ly atbicansHowever,

certain factors favour one phase over another. For instance, temperature drives switching
between the two different phases. Elevated (37°C) and low (4°C) textyses promote the

white morphology whereas room temperatures (28°C) stabilize the opaque phase
(Rikkerink, Magee et al. 1988Yeast cells stored at 4°C for one week generated a
predominantly white phase culture. Conversely, overnight culture at RT results in a
predomnantly opaque cell culture. Fresh culture medium was inoculated with white or
opaque yeast cells and grown for 3 h at 37°C or RT, respectively. Before yeast cells were
applied for bindingassays, their phenotype was microscopically confirmed (Figu2eB)!

Both phenotypes showed a comparable CEACAM binding spectrum. White and opaque cells
could both bind to CEACAM1, CEACAM3 and CEA. The opaque cells showed a slightly elevated
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interaction with CEACAM3 compared to the white phenotype. The CEAGAIMg adhesin

of Candida albicanseems to be regulated in a phenotype independent manner.

A Growth conditions

30°C + - + - + + - + - +

37°C - + - + - - + - + -

10% FCS - - + + - - - + + -

Iron starvation - - - - + - - - - +
Yeast cells Hyphae

. - » CEA-NT

Pulldown; blot: a-GFP

opaque white

CEACAM-NT 1 3 4 5 6 8 1 3 4 5 6 8
. - " . .

Pulldown; blot: a-GFP

.-
e e

Supernatant; blot: a-GFP

Figure IH2: Phenotype variation ofC. albicanshad no observable effect on CEACAM
binding. (A) C. albicanyeast cells were grown overnight under the indicated conditions. To
induce yeasto-hyphae transition, equivalent amounts of yeast cells were incubated with

conditioned cell culture medium. Subsequently, binding studies were performed by adding
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soluble GP-tagged human CENT. (B) Binding studies with different CEACAM constructs
were performed by utilizing. albicangeast cells in white or opaque phase. Bound CEACAM
lgw-like domains were recovered in a yeast pulldown and evaluated via immunoblotting

analysis withanti-GFP antibodies.

Enrichment and identification of potential CEACAA&sociatingC. albicangproteins

A previous study showed that CEAGHR&raction with C. albicanswas reduced after
pretreatment with proteinase K, hinting to a critical proteinaceous component involved in
CEACAMbinding (Klaile, Muller et al.2017). To allow proteomic based identification of
potential CEACAM ligands & albicas, CEACAMoated beads were used to enrich
AYGSNIOGAYy3 LINRPGSAyad C2NJ KAA LldzNigBa@inSz (K S
targeting enzyme zymolyase, releasing cell wall associated proteins to be probed with CEA
GFPcoated beads (Figure-Bl A). To distinguish unspecific interactip@&FPcoated beads

were utilized as control. Remarkably, G&RPbeads enriched four protein bands compared

to the controls (Figure 1B B). Those sections were extracted and the protein identities were
determined by mass spectrometry (Suppl. Tab#)llldentified C. albicangroteins were all
predicted to be localized in the yeast cytosol instead of the cell surface, limiting their
probability as a native target. The absence of a promising candidate could either be explained
by a potential absence of ¢hadhesin due to its fluctuating up and downregulation, or the
protein of interest was not part of the analgd fractions but was present in a less prominent,
non-excised band. In a further approach the slightly stronger binding parther CEACAM1 was
utilized to enrichC. albicangroteins. The presence of the CEACHBINding adhesin was
confirmed in parallel by binding studies (Figure3IIC). Mass spectrometry revealed an
extensive set of proteins bound to CEACAML1 and the@oalbicanbinder CEACAMS8 (Suip

Table [H2). To determine enriched proteins, the score ratios of CEACAM1 and CEACAMS8 were
compared. The higher the protein score the more peptides of a certain protein have been
identified. Four proteins that are localized in tBandidacell wall wee chosen out of the list

for further investigation: The two highest scored candidates that only appeared in the
CEACAML1 sampler(ictosebisphosphate aldolase (FBARhosphoglycerate mutase (GPY1)

and the two highest ratios of appearance in CEACAM1 &#ACBM&amples Enolasel
(Enol)Pyruvate decarboxylase (PD€)able 11B).
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Table 113: CEACAM¢enriched cell wall proteins ofC. albicansldentification of potential
CEACAMDInding proteins by mass spectrometry. Protein scores ofGhalbicansnteracting
molecule CEACAM1 and the nbimder CEACAM8 were compared and sorted by their
CEACAMi10-CEACAMS ratios. Four proteins that revealed the highest scores are listed. *
indicates CEACAM1 unique hits.

Score Ratio
Description CEACAM1 | CEACAM8 CC1/CC8
Fructosebisphosphate aldolase 1135.41 zero *
Phosphoglycerate mutase 559.99 zero *
Enolase 1 2975.45 370.42 8.03
Pyruvate decarboxylase 2320.41 391.19 5.93
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Figure IH3: Identification of CEACANhteracting proteins.(A) Schematic workflowf the
adhesin identificationC. albicanss treated with zymolyase to release cell wall components.
Cell wall lysate is incubated with GEAcoated beads and CEACAIgseiated proteins are
identified via mass spectrometry. (B) Silver staining of CEAEWRhedC. albicangroteins.

Cell wall lysate is added to GE®ated beads (lane 2) or ClRA-GFPcoated beads (lane 3).
After overnight incubation at 4°C, the beads wkraded on an SB&el. Whole cell wall lysate
(lane 1) and CENT-GFPcoated beads without cell wall lysate (lane 4) were loaded as control.
To make protein bands visible, the gel was incubated in silver nitrate solution. (C) Before yeast
cell wall proteirs were isolated, the presence of the CEAGANdractingC. albicansadhesin

was confirmed by binding studies. Therefore, soluble-G§g§ed CEACAMNT and the two
non-binders, CEACAMMT and CEACAMST, were added t&. albicansnd incubated for 1

h. CEABM-association was evaluated via immunoblotting analysis attrGFP antibodies.

(D) The genes of the four most promising identified adhesin candidateS. adlbicans
(Phosphoglycerate mutase (GPM1), Fructbsphosphate aldolase (FBA1), Enolasel (Enol)
and Pyruvate decarboxylase (PDc)) were cloned into anilRILGible HisSSUMO expression
vector, respectively and transformed ino coli Gene expression of HEUMGtagged GPM1,
FBA1, Enol, or PDc was induced by the addition of IPTG and equal awikntliwere
analyzd for their protein expression level via Western blotting and subsequent Coomassie
staining. (E) Binding studies were conducted to test the CEAGdvhg ability of GPM1,
FBA1, Enol, or PDc. Therefore-&liMOtagged GPM1, FBAL, Hnwr PDc were purified
from E. colilysates and coupled to Nickel beads. Soluble -ag§ed CEACAMNT and
CEACAMSIT were added to the respective adhesin candidate coated beads and CEACAM

association was evaluated via immunoblotting analysis aitirGHP antibodies.

Investigation of potential CEACAMinding proteins ofCandida albicans

The fourCandidecell wall proteins GPM1, FBAL, Enol, and PDc were tested for their ability to
interact with CEACAMSs. Genomic DNA o&lbicanserved as template to amplify and clone

iKS NBaLSOGAGS 3ISyS Ayid2 (kMEsSOMOOBr&diEk were S E LIN.
expressed as HSUMO (Hissmall ubiquitinrelated modifier¥fusion proteins. After protein

expression was verified (Figure3ID), cell lysates were incubated with nickel beads to purify

HisSUMO fusion proteins from the remaining components. Niclegds coated with the
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