
European Journal of Cell Biology 103 (2024) 151384

Available online 5 January 2024
0171-9335/© 2024 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Controling the cytoskeleton during CEACAM3-mediated phagocytosis 

Johannes W.P. Kuiper a, Helena L. Gregg a, Meike Schüber a, Jule Klein a, Christof R. Hauck a,b,* 

a Lehrstuhl Zellbiologie, Fachbereich Biologie, Universität Konstanz, Germany 
b Konstanz Research School Chemical Biology, Universität Konstanz, Germany   

A R T I C L E  I N F O   

Keywords: 
CEA-related cell adhesion molecule 
Immunoreceptor tyrosine-based activation 
motif 
Phagocytosis 
Tyrosine phosphorylation 
Rac 
Pathogenic bacteria 

A B S T R A C T   

Phagocytosis, an innate defense mechanism of multicellular animals, is initiated by specialized surface receptors. 
A phagocytic receptor expressed by human polymorphonuclear granulocytes, the major professional phagocytes 
in our body, is one of the fastest evolving human proteins implying a special role in human biology. This re
ceptor, CEACAM3, is a member of the CarcinoEmbryonic Antigen-related Cell Adhesion Molecule (CEACAM) 
family and dedicated to the immediate recognition and rapid internalization of human-restricted pathogens. In 
this focused contribution, we will review the special adaptations of this protein, which co-evolves with different 
species of mucosa-colonizing bacteria. While the extracellular Immunoglobulin-variable (IgV)-like domain rec
ognizes various bacterial adhesins, an Immunoreceptor Tyrosine-based Activation Motif (ITAM)-like sequence in 
the cytoplasmic tail of CEACAM3 constitutes the central signaling hub to trigger actin rearrangements needed for 
efficient phagocytosis. A major emphasis of this review will be placed on recent findings, which have revealed 
the multi-level control of this powerful phagocytic device. As tyrosine phosphorylation and small GTPase activity 
are central for CEACAM3-mediated phagocytosis, the counterregulation of CEACAM3 activity involves the 
receptor-type protein tyrosine phosphatase J (PTPRJ) as well as the Rac-GTP scavenging protein Cyri-B. Inter
ference with such negative regulatory circuits has revealed that CEACAM3-mediated phagocytosis can be 
strongly enhanced. In principle, the knowledge gained by studying CEACAM3 can be applied to other phagocytic 
systems and opens the door to treatments, which boost the phagocytic capacity of professional phagocytes.   

1. Introduction 

Phagocytosis is an ancient process, by which multicellular organisms 
protect themselves against dangerous infection, but also use this process 
to remove disfunctional self components such as damaged cells or 
extracellular protein aggregates (Desjardins et al., 2005; Flannagan 
et al., 2012). The cells dedicated to this task, so-called professional 
phagocytes including macrophages, microglia, dendritic cells and 
polymorphonuclear granulocytes (PMNs), express membrane receptors, 
which initiate phagocytosis when engaged by their multivalent, partic
ulate ligands (Swanson and Baer, 1995). Phagocytic receptors can 
operate in an opsonin-dependent or in an opsonin-independent manner. 
While opsonin-dependent receptors such as complement- or 
Fc-receptors require prior coating of particles with complement com
ponents or specific antibodies, opsonin-independent receptors, such as 
CEACAM3, Dectin-1, mannose receptor, or scavenger receptors directly 
recognize and bind microbial surfaces (Buntru et al., 2012; Rosales and 

Uribe-Querol, 2017; Underhill and Ozinsky, 2002). Despite these 
mechanistic distinctions on the extracellular ligand binding side, all 
these receptors connect to the intracellular cytoskeleton to accomplish 
the task of internalizing particles > 500 nm. Indeed, phagocytic re
ceptors need to instruct the cytoskeleton to produce a local, temporary 
deformation of the plasma membrane, often in the form of lamellipodia, 
to wrap around and engulf the bound particle (Fig. 1) (Castellano et al., 
2001; Diakonova et al., 2002). 

The major transformations of the actin cytoskeleton and the resulting 
lamellipodia during phagocytosis are spectacular (Fig. 1). Human 
granulocytes, with an average diameter of ~10 µm, often form lamel
lipodia the size of the cell, which can completely enwrap particles with a 
length of several microns. These membrane structures are usually 
confined to the area of the cell, which is in direct contact with the 
particulate ligand. Lamellipodia are transient in nature and they appear 
and resolve within minutes (Aderem and Underhill, 1999; Greenberg, 
1995). Therefore, it has been of interest to reveal the mechanisms that 
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initiate the phagocytic process and to understand how the modulation of 
the underlying actin cytoskeleton is orchestrated in a spatial and tem
poral manner (May and Machesky, 2001; Niedergang and Chavrier, 
2005; Nordenfelt and Tapper, 2011). In this review, we will use the 
example of the opsonin-independent receptor CEACAM3 to detail the 
principles of positive and negative regulatory signals emanating from 
this membrane protein. Thereby, we will highlight the multiple levels, 
where the phagocytic response is coordinated to balance maximum 
internalization of particles with minimum collateral damage to the tis
sue. Given the mechanistic parallels amongst phagocytic receptors, 
features revealed in the context of CEACAM3 will also be applicable to 
other receptor proteins engaged in phagocytosis. 

2. Receptors of the CEACAM family present on the mucosal 
surface are prime targets for specialized microbial pathogens 

CEACAM3 belongs to a subgroup of immunoglobulin (Ig)-super
family cell adhesion molecules (IgCAMs), which are known as Carci
noembryonic antigen (CEA)-related cell adhesion molecules or for short 
CEACAMs (Beauchemin et al., 1999). To understand the peculiar 
specialization of CEACAM3 to serve as an opsonin-independent phago
cytic receptor on human granulocytes, it is helpful to consider the 
functional context of the wider CEACAM family and their exploitation 
by pathogenic microorganisms (Tchoupa et al., 2014). Several members 
of this family are abundantly expressed by mucosal epithelial cells in the 
nasopharyngeal cavity, the lung, the intestine, and the genito-urinary 
tract (Kuespert et al., 2006; Thompson et al., 1991). In all these tis
sues, these membrane proteins are engaged in lateral cell-cell adhesion, 
but also localize to the apical surface of polarized epithelial cells, 
exposing their amino-terminal immunoglobulin (Ig)-domains to the 
external environment. This prominent surface exposure might be the 
reason, why CEACAMs appear to be a preferred target of bacterial 
pathogens colonizing the human mucosa (for review of this topic see 

(Mix et al., 2021; Tchoupa et al., 2014)). In particular, CEACAM1 and 
CEA (the product of the CEACAM5 gene) are exploited for host cell 
attachment by specialized adhesins detected in a growing number of 
human-adapted bacterial pathogens such as Neisseria gonorrhoeae, N. 
meningitidis, Haemophilus influenzae, Moraxella catarrhalis, Fusobacterium 
nucleatum, Helicobacter pylori, Streptococcus agalactiae, S. pyogenes, and 
several pathovars of Escherichia coli (Virji et al., 1996; Hill and Virji, 
2003; Berger et al., 2004; Tchoupa et al., 2015; Königer et al., 2016; 
Sheikh and Fleckenstein, 2023; Brewer et al., 2019; van Sorge et al., 
2021; Catton et al., 2023)(Table 1). 

Obviously, adhesin-mediated binding to the apically exposed CEA
CAMs allows these mucosa-colonizing bacteria to establish a firm 
connection with the epithelium. Indeed, heterologous expression of 
human CEA family members in epithelial tissues of mice has demon
strated that the presence of human CEACAMs facilitates colonization by 
Neisseria gonorrhoeae, N. meningitidis, or uropathogenic E. coli (Islam 
et al., 2018; Johswich et al., 2013; Muenzner et al., 2010; Muenzner 
et al., 2016). Moreover, such type of in vivo studies with CEA-transgenic 
mice have revealed a further consequence of intimate bacterial adhesion 
to epithelial CEACAM family members. In the stratified epithelium of 
the urogenital tract, CEACAM-mediated adhesion allows pathogens to 
suppress the detachment and exfoliation of the outermost cell layers 
(Muenzner et al., 2010; Muenzner et al., 2016; Muenzner et al., 2005). 
Thereby, the microorganisms reduce epithelial turnover, create a stable 
foothold on the mucosa for attachment and multiplication, and maxi
mize their colonization success. Unexpectedly, the suppression of exfo
liation is not a direct consequence of CEACAM-initiated signaling, but 
rather an indirect response to a soluble, cell-permeable bacterial 
metabolite, nitric oxide (NO), which acts as a short-range messenger and 
modulates integrin-based host cell adhesion (Muenzner and Hauck, 
2020). This intricate microscale communication between pathogens and 
the host epithelium is enabled by bacterial nitrogen respiration under 
anaerobic conditions, but is also strictly dependent on the spatial 
proximity mediated by the intimate adhesion of the bacteria to host cell 
CEACAMs (Muenzner and Hauck, 2020). 

Similar to the short range communication via NO, the close contact 
to the host cell provided by CEACAM binding can also be exploited for 
other cross-kingdom transfers. This is best examplified by the gastric 
pathogen Helicobacter pylori. These gram-negative bacteria express the 
surface protein HopQ, which can bind to CEACAM1, CEACAM5 and 
CEACAM6 on gastric epithelial cells (Javaheri et al., 2016; Königer 
et al., 2016). The mechanically dependable connection to the gastric 
surface provided by CEACAM-attachment allows Helicobacter to position 
one of its type-4-secretion systems (T4SSs), which are sophisticated 
outer membrane multiprotein complexes resembling nanoscale injection 
needles (Fischer et al., 2020). In this configuration, one of the T4SSs is 
able to translocate a major virulence factor of H. pylori, the CagA pro
tein, directly into the cytosol of host epithelial cells (Backert et al., 
2017). CagA then interacts with several host proteins, modulating 
multiple signaling pathways and reprogramming cellular functions 
(Tegtmeyer et al., 2017). Underscoring the important role of initial 
CEACAM-attachment for the proper function of this T4SS, a Helicobacter 
HopQ mutant is unable to inject CagA into host cells and 
CEACAM-deficient cells are refractory to T4SS-mediated CagA trans
location (Behrens et al., 2020; Bonsor et al., 2018; Javaheri et al., 2016; 
Tegtmeyer et al., 2019). 

CEACAM-binding pathogens might further benefit from engaging 
CEACAM1, which is also found on various leukocytes and has an 
immunosuppressive signaling function (Chen et al., 2012; Gray-Owen 
and Blumberg, 2006). Accordingly, CEACAM1 clustering can diminish 
B- and T-cell responses in the context of inflammatory settings (Lobo 
et al., 2009; Lu et al., 2012) and bacterial infection (Boulton and 
Gray-Owen, 2002; Galaski et al., 2021). 

Given these multiple and mutually non-exclusive benefits diverse 
microorganisms gain from targeting epithelial CEACAMs, it appears as 
no surprise, that numerous bacteria independently evolved CEACAM- 

Fig. 1. CEACAM3-mediated, opsonin-independent phagocytosis by human 
granulocytes. Primary human granulocytes were incubated for 15 min with 
CEACAM3-binding Neisseria gonorrhoeae in the absence of opsonins. Upon 
CEACAM3-mediated contact, the granulocyte (orange) responds with massive, 
local membrane protrusions (lamellipodia), which allow the rapid engulfment 
of the bacteria (green). Shown is a scanning electron micrograph of the fixed 
sample, which has been pseudocolored for clarity. Scale bar represents 1 µm. 
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binding adhesins. It is this context that singles out CEACAM3 as a special 
member of the CEACAM family, which can be best appreciated by 
looking at its evolutionary trajectory and by detailing the structure- 
function relationship of CEACAM3. 

3. CEACAM3 in primate evolution 

Genome comparison amongst higher primates has revealed that 
CEACAMs belong to the fastest evolving genes in humans (Gibbs et al., 
2007; Adrian et al., 2019). Obviously, a pathogen-driven positive se
lection can explain the rapid fixation of missense mutations in CEACAM 
family members recognized by bacterial adhesins (Adrian et al., 2019; 
Baker et al., 2022), a process observed for other genes with functions in 
the host-pathogen interplay (Fumagalli et al., 2011). Interestingly, while 
a CEACAM1 homologue is found in all mammals, a CEACAM3-encoding 
gene has only been found in the genomes of higher primates, i.e. old 
world monkeys (Adrian et al., 2019). This striking observation suggests 
that CEACAM3 evolved as a novel family member during recent primate 
evolution around 35 million years ago (Adrian et al., 2019). With more 
and more primate genomes becoming available, it will be possible to 
delineate the origin of CEACAM3 in the future with higher precision 

(Kuderna et al., 2023). However, the comparison of human CEACAM3 
with its ape homologues has already revealed that the amino acid 
changes predominantly map to the extracellular IgV-like domain of 
CEACAM3, while the exons encoding the transmembrane and the 
cytoplasmic portion of CEACAM3 are conserved (Fig. 2A) (Adrian et al., 
2019). On the one hand, this finding suggests that CEACAM3′s intra
cellular portion conveys a conserved function into the cell (see also next 
sections). On the other hand, the situation found for the extracellular 
domain of CEACAM3 is rather unusual as most phagocytic receptors 
recognize given endogenous proteins (opsonins such as antibodies or 
complement factors) or conserved molecular structures found on various 
microbes. Therefore, their extracellular ligand binding domains are 
invariant. In contrast, the IgV-like domain of CEACAM3 seems to be 
under selective pressure to rapidly adapt to changing ligands. Indeed, 
the known CEACAM3-binding bacteria and their adhesins are structur
ally diverse, and even within a given microbial species the adhesins in 
unrelated isolates usually show high variation in their CEACAM-binding 
domains (Hill and Virji, 2003; Hill et al., 2012; Roth et al., 2013; Sint
sova et al., 2015; Tchoupa et al., 2015). Clearly, these are hallmarks of 
an ongoing arms race between pathogens trying to escape CEACAM3 
recognition (i.e. modulation of surface adhesin primary structure) and 

Table 1 
CEACAM-binding bacterial pathogens and their recognition by the granulocyte receptor CEACAM3. The table summarizes the results of CEACAM-binding assays with 
various strains of the indicated pathogenic microorganisms. Only studies, which in parallel tested binding of a particular bacterial strain or adhesin to epithelial 
CEACAMs (CEACAM1, CEACAM5) and granulocyte CEACAM3 were considered.  

Pathogens Adhesin Investigated 
strains 

Number of CEACAM-binding / CEACAM3-binding 
adhesins 

Assay 
format* 

References 

Escherichia coli Afa/Dr IH11128 
C1845 
KS52 
A30 

1/0 
1/0 
1/0 
1/0 

BCA 
BCA 
BCA 
BCA 

Berger et al. (2004) 

Fusobacterium nucleatum CbpF 2B3 
ATCC25586 

1/0 
1/0 

PP 
PP 

Brewer et al. (2019) 

ATCC23726 1/0 BPD Galaski et al. (2021) 
Haemophilus influenzae OMP P1 RD KW20 

Hib 
NTHi strains 

1/0 
1/0 
11/0 

BPD, BCA 
BPD 
BPD 

Tchoupa et al. (2015) 

RD KW20 1/0 BPD Adrian et al. (2019) 
Haemophilus influenzae biovar 

aegyptius 
OMP P1 ATCC11116 1/1 BPD Tchoupa et al. (2015) 

ATCC11116 1/1 BPD Adrian et al. (2019) 
Helicobacter pylori HopQ P12 

26695 
B8 
SS1 
X47 
P12 

1/0 
1/0 
1/0 
1/0 
1/0 
1/1 

BPD 
BPD 
BPD 
BPD 
BPD 
PP, BCA 

Königer et al., 2016 

G27 
NCTC11637 

1/1 
1/1 

BPD/PCB 
BCA 

Javaheri et al. (2016) 

P12 1/1 PP Bonsor et al. (2018) 
P12 
TX30 

1/1 
1/1 

BPD, PCB 
BPD, PCB 

Moonens et al. (2018) 

Moraxella catarrhalis UspA1 BBH18 1/1 BPD, BCA Heinrich et al. (2016) 
Neisseria gonorrhoeae OpaCEA MS11 10/4 BCA Bos et al. (1997) 

MS11 10/3 BCA Gray-Owen et al. (1997) 
MS11 
VP1 

10/3 
8/1 

BPD 
BPD 

Roth et al. (2013) 

MS11 4/1 BCA Sintsova et al. (2015) 
Neisseria meningitidis OpaCEA C311 

C751 
3/0 
3/0 

BCA 
BCA 

Virji et al. (1996) 

C1938 
F6124 

4/0 
4/0 

BCA 
BCA 

Muenzner et al. (2000) 

H44/76 4/0 BCA de Jonge et al. (2003) 
MC58 4/0 BCA Johswich et al. (2013) 

Streptococcus agalactiae β-Igl3 A909 1/0 BCA, PP van Sorge et al. (2021) 
Streptococcus pyogenes R28 AL368 

emm28 strains 
1/0 
13/0 

BCA, PP 
BPD 

Catton et al. (2023) 

* abbreviations for the used binding assay formats: 
BCA = Adhesion of intact, adhesin-expressing bacteria to full-length CEACAM expressed on host cell 
BPD = Binding of intact, adhesin-expressing bacteria to soluble CEACAM ectodomains; evaluated by flow cytometry, Western blotting or fluorescence microscopy 
PCB = Binding of purified recombinant adhesin to full-length CEACAM expressed on host cell 
PP = Binding of purified recombinant adhesin to soluble CEACAM ectodomains 
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human CEACAM3, which is under positive selection to maintain the 
ability to bind novel microbial adhesin variants. Such an evolutionary 
process has been aptly named a Red-Queen scenario and is characteristic 
of predator-prey and host-pathogen relationships (van Valen, 1973). 
Two findings on the population level support the idea that CEACAM3 
undergoes accelerated evolution to protect us from pathogen attack: i) 
genomic surveys reveal common CEACAM3 polymorphisms in 
geographically distinct human populations, which are able to recognize 
a wider spectrum of bacterial adhesins (Adrian et al., 2019); ii) most 
characterized bacterial adhesins preferentially bind epithelial CEACAMs 
(CEACAM1 and CEA), while avoiding recognition by CEACAM3 (Roth 
et al., 2013; Sintsova et al., 2015; Tchoupa et al., 2015)(Table 1). For 
example, the OMP P1 adhesins of various H. influenzae isolates selec
tively bind to CEACAM1 and CEA, and are not recognized by CEACAM3. 
So far, only OMP P1 expressed by a H. influenzae biovar aegyptius isolate 
binds to CEACAM1, CEA, and CEACAM3 (Tchoupa et al., 2015) 
(Table 1). However, a CEACAM3 polymorphism prevalent in Western 
Africa exhibits binding to all OMP P1 adhesins tested (Adrian et al., 
2019). Together, the CEACAM3 gene appears as a recent primate in
vention to equip professional phagocytes with a germline-encoded re
ceptor enabling rapid detection and phagocytosis of antigenically 
variable bacterial pathogens. Depending on local selective pressures (e. 
g. prevailing bacterial pathogens), particular human CEACAM3 variants 
might be advantageous. The increasing availability of genomic data will 
surely provide interesting novel insight into the spectrum of CEACAM3 
polymorphisms in various human populations. 

4. Structure-activity relationship of CEACAM3 

As elaborated above, CEACAM3 has a distinct function among 
members of the CEACAM family, and the unique biology of this receptor 
is already highlighted by its recent emergence in a single mammalian 

lineage, the primates. A dedicated role of CEACAM3 in immune defense 
is also implied by its exclusive expression pattern in human granulocytes 
(Kuroki et al., 1991). In addition, the domain structure of CEACAM3 
with a single extracellular immunoglobulin variable-like domain 
(IgV-domain) and the lack of immunoglobulin constant-like (IgC) do
mains signify that this receptor does not engage in homotypic in
teractions with other IgCAMs, as typically observed for epithelial 
CEACAMs (Fig. 2A). In contrast to such epithelial CEACAMs, CEACAM3 
does not form homodimers supported by IgV-IgV as well as IgC-IgC in
teractions, but rather occurs in monomeric form (Bonsor et al., 2018). 
These structural features indicate that CEACAM3 is a CEACAM family 
member without cell-cell adhesive functions. Indeed, the only known 
ligands for CEACAM3 are various adhesins of bacterial pathogens, 
which bind, in direct protein-protein-interactions, to the 
non-glycosylated face of the CEACAM3 IgV-domain (Bonsor et al., 
2018). The non-glycosylated β-sheet of the CEACAM3 IgV-domain is 
made up by the β-strands C, F, and G of the Ig-fold and is referred to as 
the CFG-face. Interestingly, common CEACAM3 polymorphisms, such as 
S43R, L44Q, or V49A, which occur at a frequency of > 10% in several 
human populations, all map to this CFG-face (Adrian et al., 2019). 
Together, these features are in line with the idea that the extracellular 
part of CEACAM3 is designed to recognize and bind a specific set of 
human pathogens. They also point to the cytoplasmic domain of CEA
CAM3, which should be involved in translating ligand binding into 
cellular responses. 

The cytoplasmic domain of CEACAM3 comprises 75 amino acid 
residues and harbors as the most distinctive feature an immunoreceptor 
tyrosine-based activation motif (ITAM)-like sequence (Fig. 2B). ITAMs 
are found in various leukocyte receptors, including the T cell receptor, 
the B cell receptor, and Fc receptors (Reth, 1989). The canonical 
ITAM-sequence is characterized by precisely spaced tyrosine residues in 
a defined sequence context which corresponds to D/ExxYxxI/Lx(6 

Fig. 2. Structural determinants of CEACAM3 function. A) Schematic rendering of CEACAM3 overall structure (based on Alphafold prediction). Colors indicate 
reliablity of structural prediction with blue: high certainty; yellow: low certainty. Segments representing the immunoglobulin variable-like (IgV)-like domain, the 
transmembrane domain, and the cytoplasmic domain have been stiched together in arbitrary angles for space reasons. B) Alignment of the immunoreceptor tyrosine- 
based activation motif (ITAM)-like sequence of CEACAM3 with the canonical ITAM primary structure. The critical tyrosine and neighboring residues are highlighted 
in bold. C) Amino acid sequence aligment of cytoplasmic domains of primate CEACAM3 orthologues. The critical tyrosine residues Y230 and Y241 (numbering 
according to human sequence) and their sequence context are highlighted with red color. 
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− 12)YxxI/L (Abram and Lowell, 2007; Isakov, 1997; Reth, 1989). In 
CEACAM3, the tyrosine residues are located at positions Y230 and Y241 
and possess ideal spacing (Fig. 2B). In contrast to the canonical 
sequence, these tyrosine residues are not preceded by an acidic (D/E) 
residue. Furthermore, Y241 is not accompanied by a leucine or isoleu
cine residue in carboxy-terminal direction, but rather by a methionine 
residue (Fig. 2B). This might have functional consequences for the 
binding of SH2-domain containing proteins upon phosphorylation of 
Y241 (see next section). Due to these deviations from the canonical 
sequence, the amino acid motif in CEACAM3 is referred to as ITAM-like. 
Interestingly, in some primates (e.g. rhesus monkey and baboon) both 
tyrosine residues of the ITAM-like sequence are accompanied by 
methionine instead of leucine/isoleucine (Adrian et al., 2019)(Fig. 2C). 

If such alterations affect CEACAM3 function in these primates has not 
been investigated. 

Clearly, the ITAM-like sequence is critical for downstream signaling 
from human CEACAM3. Mutation of both tyrosine residues to non- 
phosphorylateable phenylalanine results in a strong reduction in 
CEACAM3-mediated phagocytosis (McCaw et al., 2003; Schmitter et al., 
2004). Truncation of the complete cytoplasmic domain can further 
diminish CEACAM3-mediated bacterial uptake (Schmitter et al., 2004), 
suggesting that additional sequences contribute to downstream 
signaling. However, no other molecular determinants have been char
acterized in the cytoplasmic domain of CEACAM3 besides the ITAM-like 
sequence. Structure prediction by Alpha-fold points to a mostly un
structured C-terminal tail with short α-helical sections suggesting that 

Fig. 3. Schematic overview of the negative regulation of CEACAM3. A) Summary of known binding partners of the CEACAM3 ITAM-like sequence. The critical 
phosphotyrosine residues are highlighted with a red frame. B) Proteins involved in phosphorylation and dephosphorylation of the CEACAM3 ITAM-like sequence. 
Phosphorylation via cytoplasmic Src family kinases (SFK) is indicated with ‘+P′. Dephosphorylation via the receptor-type protein tyrosine phosphatase J (PTPRJ) is 
indicated with ‘-P′. C) Positive and negative regulation of Rac-GTP-dependent cytoskeletal rearrangements during CEACAM3-mediated phagocytosis. 
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this part of the receptor provides ample space for protein-protein in
teractions with cytosolic proteins (Fig. 2A). In the next section, we will 
discuss, which proteins are known to interact with the cytoplasmic tail 
of CEACAM3 and how these interactions are regulated. 

5. Regulation of CEACAM3 phosphorylation during 
phagocytosis 

The opsonin-independent phagocytosis driven by CEACAM3 heavily 
depends on tyrosine phosphorylation. In particular, the phosphorylation 
status of the ITAM-like sequence, situated at Y230 and Y241 close to the 
carboxy-terminus of the protein, dictates the functionality of CEACAM3. 
Accordingly, the balance of protein kinase-mediated phosphorylation 
versus the phosphatase-mediated dephosphorylation determines if 
CEACAM3 engagement results in productive internalization (Fig. 3). 
Similar to other immuno-receptors harboring such tyrosine-based mo
tifs, Src family kinases (SFKs) play an initial role in the phosphorylation 
of these tyrosines. Indeed, constitutively active Src kinases are able to 
use both residues as a substrate. Myristoyl-modified SFKs are ideally 
positioned at the inner leaflet of the plasma membrane to readily 
respond to CEACAM3 clustering by multivalent, adhesin-expressing 
bacterial pathogens. However, whether all SFKs expressed by gran
ulocytes are involved in CEACAM3 phosphorylation is currently not 
known. A direct association of the Hck-SH2 domain with the phos
phorylated ITAM-like motif of clustered CEACAM3 has been demon
strated by FRET measurements in intact cells (Buntru et al., 2009). Other 
granulocyte SFKs, such as Fgr and Lyn, have not been investigated in 
detail. Given the overlapping substrate specificity of these enzymes, it 
appears reasonable to assume that they all can act on CEACAM3 tyrosine 
residues. While the purified, recombinant SH2-domains of Hck, Yes, and 
Lck associate with tyrosine phosphorylated CEACAM3 in vitro, the Fyn 
SH2 domain fails to bind under these conditions (Kopp et al., 2012). This 
finding exemplifies that binding affinities between phosphorylated 
CEACAM3 and particular SFKs can vary, indicating that there might be 
preferential phosphorylation and binding of CEACAM3 by one or more 
SFK family members. 

Interestingly and in contrast to other ITAM-containing immunor
eceptors, the more distal located pY241 of the CEACAM3 ITAM-like 
sequence has so far not been found to engage in interactions with SH2 
domains, while the more membrane proximal pY230 is a preferred 
binding site for various SH2-domain containing proteins (Fig. 3A). Be
sides SFKs, these pY230-binding proteins include the regulatory subunit 
of class I phosphoinositide 3‑kinase (PI3K), the guanine nucleotide ex
change factor Vav, and the adapter protein Nck (Fig. 3A). The binding of 
each of these SH2 domains in principle should exclude the docking of 
another SH2-domain to the same site in CEACAM3. However, the local 
clustering and tyrosine phosphorylation of CEACAM3, which is initiated 
by its multivalent bacterial ligands, would provide room for simulta
neous association with several SH2-domain-possessing interaction 
partners, even though these binding partners share the binding prefer
ence for pY230 of CEACAM3. 

The direct association of CEACAM3 pY230 with several important 
downstream signaling molecules might explain why a canonical ITAM- 
signaling constituent, the tyrosine kinase Syk, is not essential for 
CEACAM3-initiated phagocytosis. Syk is critical for FcγRI- and FcγRIII- 
initiated ITAM signaling leading to phagocytosis by macrophages and 
neutrophils (Crowley et al., 1997; Huang et al., 2006; Kiefer et al., 
1998). In these contexts, Syk activity initiates multimolecular adaptor 
complexes by the association of phosphorylated Syk with its binding 
partners PI3K, Vav and SLP-76 (Mocsai et al., 2010). However, in the 
case of CEACAM3, PI3K and Vav can directly bind to pY230 of the re
ceptor (Buntru et al., 2011; Schmitter et al., 2007), alleviating a strict 
requirement for Syk in promoting uptake of CEACAM3-bound particles 
(Sarantis and Gray-Owen, 2007). 

The prominent role of CEACAM3 pY230 as a central hub for down
stream signaling is also used to negatively impact CEACAM3-mediated 

phagocytosis. On the one hand, competitive binding by an SH2- 
domain containing adaptor protein called Grb14 can suppress down
stream events initiated by CEACAM3 (Kopp et al., 2012). Similar to the 
above mentioned SH2-domain containing interaction partners of the 
phosphorylated CEACAM3 Y230, Grb14 selectively binds to this 
phospho-tyrosine residue (Kopp et al., 2012)(Fig. 3B). As the effect of 
Grb14 is due to its ability to compete with other proteins for the same 
binding site, the magnitude of the inhibitory effect of Grb14 depends on 
protein levels and their relative binding affinity for pY230. Clearly, the 
binding affinities and protein levels of each pY230 interaction partner 
could be regulated further by post-translational modifications such as 
ubiquitylation, phosphorylation, or acetylation. Such an additional level 
of control over pY230-mediated downstream events has not been 
explored to date. 

In contrast to the stoichiometric control afforded by a competitive 
binding partner such as Grb14, CEACAM3 pY230 is also regulated 
enzymatically. Obviously, the removal of the phosphate residue at 
pY230 requires the activity of a phosphotyrosine-directed protein 
phosphatase. The enzyme behind this activity has been revealed recently 
via a focussed CRISPR/Cas9-based genetic screen in myeloid cells (Goob 
et al., 2022). Goob et al. have generated a CEACAM3-expressing HL60 
cell line, which exhibits rapid and selective opsonin-independent uptake 
of bacteria expressing a CEACAM3-binding adhesin. At the same time, 
these human myeloid cells do not internalize non-CEACAM3-binding 
bacteria in the absence of opsonins (Adrian et al., 2019). Using 
lentiviral-encoded sgRNAs individually targeting each human 
receptor-type protein tyrosine phosphatase (RPTP), Goob et al. identi
fied PTPRJ (CD148) as the single most important PTPR acting on the 
CEACAM3 ITAM-like sequence (Goob et al., 2022)(Fig. 3B). As predicted 
by the positive effect of CEACAM3 tyrosine phosphorylation, the over
expression of active PTPRJ, but not the expression of an inactive mutant 
version of this enzyme, severely blunted CEACAM3-mediated phago
cytosis (Goob et al., 2022). In contrast, the genetic deletion of PTPRJ 
resulted in a prominent gain-of-function with elevated levels of CEA
CAM3 tyrosine phosphorylation and a dramatically enhanced phago
cytic phenotype of the PTPRJ-knock-out HL60 cells towards 
CEACAM3-binding bacteria (Goob et al., 2022). It is interesting to 
point out, that PTPRJ has also been shown to impact Dectin-1-mediated, 
opsonin-independent phagocytosis (Goodridge et al., 2011). In this 
context, the lack of PTPRJ alone has no consequences on phagocytosis of 
β-glucan-covered particles (Goodridge et al., 2011). Only upon deletion 
of a second RPTP, deletion of the tyrosine phosphatase PTPRC (CD45), 
Dectin-1-mediated phagocytosis is affected. However, in contrast to the 
gain-of-function observed for CEACAM3-mediated phagocytosis in 
PTPRJ-ko cells, compound deficiency for PTPRJ and PTPRC decreases 
Dectin-1 mediated uptake of yeast particles. This seemingly contradic
tory result can be explained by the lack of Src family kinase activation in 
PTPRJ and PTPRC double-knock-out cells, as these RPTPs are required 
for the initial dephosphorylation of an inhibitory phospho-tyrosine 
residue in SFKs (Hermiston et al., 2009; Zhu et al., 2008). In 
PTPRJ-deficient myeloid cells, Src family kinases can become active via 
initial dephosphorylation by PTPRC, revealing the negative impact of 
PTPRJ on downstream events such as the SFK-dependent phosphoryla
tion of the CEACAM3 ITAM-like sequence (Goob et al., 2022). 

The adaptor protein Grb14 and the phosphatase PTPRJ illustrate the 
multimodal regulation of phosphorylation-dependent processes at the 
critical ITAM-like sequence, further underscoring the central role of this 
short amino acid motif in the cytoplasmic domain of CEACAM3. These 
examples also demonstrate that phagocytosis mediated by human pro
fessional phagocytes operates at a submaximal level and that there 
might be room for enhancing phagocytosis under specific circumstances 
to maximally control and potentially eradicate microbial intruders. 

6. Controling CEACAM3-driven cytoskeletal re-arrangements 

CEACAM3-mediated phagocytosis is accompanied by extensive 
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morphological changes with rapidly expanding lamellipodia, which 
engulf the bound particle (see Fig. 1). The expansion of these thin 
membrane lamellae is driven by actin polymerization and filament 
branching. Accordingly, blockade of actin dynamics by cytochalasin D 
or jasplakinolide, which destabilize or freeze f-actin, respectively, 
abolishes CEACAM3-mediated pahgocytosis (Muenzner et al., 2008). 
The branched network of short actin filaments found in lamellipodia 
depends on nucleation by the Arp2/3 complex (Rottner and Stradal, 
2016). Several studies have detailed the molecular mechanisms con
necting CEACAM3 engagement and its phosphorylation with the local 
recruitment and activation of Arp2/3 complex regulators (Fig. 3C). 
Indeed, phosphorylation of the Y230 residue within the ITAM-like motif 
of CEACAM3 provides a high affinity docking site for the SH2 domain of 
Nck adapter proteins (Pils et al., 2012). Both Nck1 and Nck2 can asso
ciate with pY230 and CEACAM3-transfected Nck1/Nck2-double 
knock-out fibroblasts, in contrast to wildtype fibroblasts, lack 
CEACAM3-mediated uptake of bacteria (Pils et al., 2012). Nck adapter 
proteins recruit the Wave regulatory complex (WRC) to the phagocytic 
cup, presumably via binding to the WRC component Nck-associated 
protein Nap1 (also known as Hem-2 or Kette in Drosophila). Recruit
ment of the WRC to the cell membrane induces lamellipodia formation 
in different cell types (Mehidi et al., 2021; Steffen et al., 2004). The 
central WRC component, the Wave protein, employs its C-terminal 
WH2-Central-Acidic (WCA) domain to dock to and activate the Arp2/3 
complex, which then initiates the formation of branched f-actin (Bieling 
and Rottner, 2023; Rottner et al., 2021). In the context of 
CEACAM3-mediated phagocytosis, the formation of lamellipodia is 
completely suppressed upon overexpression of a truncated Wave protein 
lacking the WCA domain, demonstrating the essential role of the WRC in 
this process (Pils et al., 2012). WRC activation requires the interaction of 
Rac-GTP with another WRC subunit, the protein Cyfip1 (also called 
Sra1) (Fig. 3C). This interaction allosterically releases the WCA domain 
of Wave to allow binding of the Arp2/3 complex (Rottner et al., 2021). 
Rac-GTP loading is accomplished by Rac guanine nucleotide exchange 
factors (GEFs) and in the context of CEACAM3, the Rac GEF Vav plays a 
critical role (Schmitter et al., 2007). Similar to the adapter proteins Nck1 
and Nck2, Vav associates via its SH2 domain with phosphorylated Y230 
of the CEACAM3 ITAM-like sequence (Schmitter et al., 2007). Thereby, 
CEACAM3 phosphorylation assures the coincidence of two essential 
components needed for Arp2/3 complex activation: CEACAM3 pY230 
brings together the Rac GEF Vav (for GTP-loading of the WRC activator 
Rac) with the Rac-GTP-binding protein Cyfip1 as a component of the 
WRC. This coincidence seems to provide an optimal local environment 
for maximal Arp2/3 driven f-actin nucleation, as CEACAM3-mediated 
phagocytosis occurs within minutes after bacterial contact (McCaw 
et al., 2004; Schmitter et al., 2004; Schmitter et al., 2007). Interestingly, 
this direct association of CEACAM3 with a Rac GEF might also be the 
reason, why phosphatidylinositol-(3,4,5)-trisphosphate (PIP3), the 
product of PI3 kinase activity, is not needed to accomplish 
CEACAM3-mediated phagocytosis (Buntru et al., 2011). This is in 
contrast to other phagocytic receptors, such as the Fcγ receptor, where 
PIP3 seems to be involved in recruiting and activating PIP3-binding 
GEFs to assure completion of phagocytosis (Araki et al., 1996; Booth, 
2006). 

Interestingly, the regulation of the WRC by GTP-loaded Rac provides 
another layer of control over CEACAM3-mediated phagocytosis. In a 
recent genome-wide CRISPR/Cas9-knock-out screen in myeloid cells, 
several potential negative regulators of CEACAM3-mediated uptake 
have been identified (Kuiper et al., 2023). The screen was based on 
CEACAM3-expressing human myeloid HL60 cells, which should, upon 
CRISPR/Cas9-mediated disruption of genes encoding potential negative 
regulator(s), exhibit increased phagocytosis of CEACAM3-binding gon
ococci. Indeed, disruption of several genes led to the predicted 
gain-of-function (Kuiper et al., 2023). One of the candidate genes, Cyri-B 
is homologous to the Rac-binding WRC subunit Cyfip1 and suppresses 
WRC activation by sequestering GTP-bound Rac (Shang et al., 2018; 

Yelland et al., 2021; Yuki et al., 2019)(Fig. 3C). Strikingly, targeted 
disruption of the CYRI-B gene more than doubled CEACAM3-mediated 
phagocytosis and this was accompanied by elevated Rac-GTP levels 
and overactivation of Rac-GTP effectors such as the kinase PAK (Shang 
et al., 2018). At the same time, the CYRI-B-deficient cells exhibited a 
comparable increase in Fcγ receptor-mediated phagocytosis of 
IgG-opsonized bacteria (Kuiper et al., 2023). This finding suggests that 
Cyri-B is a generic competitor of Rac-GTP binding effector proteins and 
that CEACAM3 as well as FcγR likewise depend on Rac-GTP for efficient 
phagocytosis. Restoring expression of wildtype Cyri-B in the Cyri-B 
knock-out cells diminished phagocytosis back to levels seen in wild
type cells, while a mutant version of Cyri-B, which lacks Rac-GTP 
binding, did not reduce the elevated levels of bacterial uptake (Kuiper 
et al., 2023). 

Again, these results demonstrate that levels of phagocytosis seen in 
wildtype cells are far below the maximal phagocytosis rate, which 
phagocytes could accomplish, and that endogenous factors curb the 
maximum phagocytic response. Although it seems counterintuitive, 
uncontrolled activation of phagocytosis could also have negative con
sequences. Actin tread milling for instance requires a constant supply of 
ATP. Consequently, it has been shown in platelets and neurons that up to 
50% of the cellular ATP is used to sustain actin cytoskeleton dynamics 
(Bernstein and Bamburg, 2003; Daniel et al., 1986). Phagocytosis could 
provoke a spike in actin-driven energy demands as it is accompanied by 
extensive actin remodeling. This idea is supported by the finding that 
ablation of brain-type creatine kinase - an enzyme that facilitates 
metabolic demands by connecting sites of ATP production with sites of 
ATP consumption - dramatically impedes phagocytosis (Kuiper et al., 
2008). Therefore, one could speculate that phagocytosis needs to be 
restrained, so that cellular ATP pools are not exhausted, which could 
have negative effects on viability and/or energy-demanding down
stream functions of phagocytes such as microbial killing by reactive 
oxygen species. However, the striking gain-of-function in 
CEACAM3-mediated phagocytosis observed upon deletion of PTPRJ or 
Cyri-B indicate that cellular energy supplies are sufficient to sustain even 
a 100% increase in phagocytosis. Therefore, the negative regulation of 
actin-driven phagocytosis could also be a physiological adaptation that 
is unrelated to metabolic cost. For example, phagocytosis in gran
ulocytes is accompanied by the release of bactericidal and potentially 
harmful granule content, such as proteases, peroxidases, and reactive 
oxygen species (Mittal et al., 2014; Pechous, 2017; Winterbourn et al., 
2016). Accordingly, limiting phagocytosis to a lower-than-maximum 
level might also be a means to keep collateral damage to host cells 
and tissues at bay. The knowledge about endogenous factors in myeloid 
cells, which constrain phagocytosis, might be useful for future ap
proaches to maximize phagocytosis. It can be easily envisioned that the 
ability to boost phagocytosis in a temporally and spatially defined way, 
might offer clinical benefits in certain settings, such as acute or chronic 
bacterial infections. Therefore, future work might be directed towards 
identifying additional negative regulators of phagocytosis, character
izing their role in various phagocytic pathways, and finding means to 
modulate their activity. The continuing study of CEACAM3 as a highly 
efficient phagocytic receptor in human granulocytes will surely 
contribute to this ambitious endeavour. 
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