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Abstract The carcinoembryonic antigen (CEA) family comprises a large number of cellu-
lar surface molecules, the CEA-related cell adhesion molecules (CEACAMs), which be-
long to the Ig superfamily. CEACAMs exhibit a complex expression pattern in normal
and malignant tissues. The majority of the CEACAMs are cellular adhesion molecules
that are involved in a great variety of distinct cellular processes, for example in the inte-
gration of cellular responses through homo- and heterophilic adhesion and interaction
with a broad selection of signal regulatory proteins, i.e., integrins or cytoskeletal compo-
nents and tyrosine kinases. Moreover, expression of CEACAMs affects tumor growth, an-
giogenesis, cellular differentiation, immune responses, and they serve as receptors for
commensal and pathogenic microbes. Recently, new insights into CEACAM structure and
function became available, providing further elucidation of their kaleidoscopic functions.

Keywords CEA-related cellular adhesion molecules · Immunoglobulin superfamily
member · Adhesion · Signal transduction · Microbial receptor

1
Introduction

Carcinoembryonic antigen (CEA)-related cellular adhesion molecules
(CEACAMs; pronounced C-CAMs) belong to the Ig superfamily of cellular
surface molecules. CEA was discovered by Gold and Freedman as a tumor-
associated antigen in human colorectal carcinoma (Gold and Freedman
1965). Originally, CEA was considered an oncofetal protein that is re-ex-
pressed in adult tissues only during carcinogenesis. Later, it became evident
that CEA is expressed both in embryonic and healthy adult tissues. CEA lev-
els in serum are elevated during the progression of various malignant dis-
eases, namely cancer of the colon, breast, and lung. CEA serves as a clinical
tumor marker and is of important prognostic relevance in the evaluation of
progressive colonic carcinoma: increasing serum levels indicate recurrence
and residual disease (Thompson 1991). After the cDNA of CEA had been
cloned and characterized independently by various groups, CEA could be
assigned to the Ig superfamily by sequence homology studies (Beauchemin
et al. 1987; Oikawa et al. 1987; Paxton 1987; Zimmermann et al. 1987;
Schrewe et al. 1990).
Members of the Ig superfamily of cell surface proteins do not only exert

immune regulatory functions, but they also mediate cellular recognition and
adhesion (Williams and Barclay 1988; Br�mmendorf and Lemmon 2001; Ju-
liano 2002). In fact, out of 26,383 human genes with a known or predicted
function, 577 (1.9%) encode proteins that are involved in cell adhesion, and
264 (0.9%) encode immunoglobulins. Proteins containing Ig domains are
among the most frequently expressed in the human genome, with 930 Ig do-
mains contained in 381 Ig family members (Venter et al. 2001). Ig domains
can form rods when arranged in series, and their ability to specifically rec-
ognize self or non-self proteins, or participate in cis- and trans-interactions,
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and regulate signaling and adhesion, make them principal players in orches-
trating complex cellular responses. Moreover, alternative splicing and exten-
sive N-linked glycosylation are used as a versatile tool to generate different
isoforms, creating an even broader platform for recognition processes and
signal integration.
The CEA-related adhesion molecules were discovered upon their cross-re-

activity with CEA antisera and based on sequence homology studies after
cloning of novel cDNAs. The first CEACAMs to be identified were the NCAs
(non-specific cross-reacting antigens), independently described by the
group of von Kleist et al. (1972) and Mach et al. (1972). Biliary glycoprotein
(BGP) was originally described by Svenberg (1976) as being expressed in
normal human gall bladder mucosa and at the bile canalicular surface of he-
patocytes. BGP, also referred to as NCA-160, C-CAM (cell–cell adhesion
molecule), C-CAM105, H4A, or pp120, is now called CEACAM1. In the
course of the discovery of new genes and proteins that belong to the CEA
gene or protein family, their nomenclature became quite inconsistent. Novel
proteins were also named CGMs (CEA-gene family members), and well-con-
served homologs to CEA-like genes in rodents have been assigned a variety
of names. To date, 29 CEA-like genes are known in the human genome, 19 in
the murine genome and 7 in the rat. According to their structural similari-
ties, they were classified into three subgroups: CEA-like-genes, the PSG-sub-
group (pregnancy-specific glycoproteins), and the pseudogenes. An over-
view of the CEA-family subgroup is shown in Fig. 1.
In this review, the nomenclature used is based on its most recent revision

(Beauchemin et al. 1999; http://cea.klinikum.uni-muenchen.de). For com-
mon historical names and abbreviations, the reader is referred to Fig. 1 and
Beauchemin et al. (1999).
All members of the CEA-subgroup share the following common charac-

teristics. They are members of the Ig superfamily, they are membrane
bound, and they are heavily glycosylated adhesion molecules (Odin et al
1986; Beauchemin et al. 1999). CEACAMs are multifunctional. Their biologi-
cal functions comprise cellular homophilic and heterophilic adhesion, sup-
pression of tumor cell growth, regulation of cell growth and differentiation,
binding of a variety of different pathogens, and acting as growth factors for
endothelial cells, as well as binding to a variety of intracellular adaptors in
central signal transduction cascades.
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2
Genomic Organization and Regulation of Transcription

2.1
Gene Structure

The human CEA gene family comprises 29 genes that have been divided
into three subgroups according to their DNA and amino acid sequence
and structural homology: (1) 12 CEA genes, 7 of which are expressed
(CEACAM1-12); (2) 11 PSG genes, 9 of which are expressed, and (3) a group
of 6 pseudogenes (CEACAM13 through 18), for which no cDNA has yet been
identified.
The CEA gene family emerged from a common ancestor gene that initial-

ly gave rise to block of three genes with the same transcriptional orientation.
Repeated duplication and inversion of these gene blocks produced the CEA
family gene cluster, located on the long arm of human chromosome 19
(q13.2, between CYP2A and D19S15). Within its expanse of 1.8 Mb, the
CEA- and PSG-subgroup genes are organized in two clusters of 250 and
850 kb, respectively. The proximal half includes members of the CEA sub-
group, and the distal half comprises the 11 PSG-subgroup genes with the
pseudogenes interspersed. The two clusters are interrupted by a 700-kb re-
gion encoding 5 nonrelated proteins (Thompson et al. 1989; Kahn et al.
1992; Kahn et al. 1994; Olsen et al. 1994; Teglund et al. 1994). CEACAM1 is
the most ancestral gene of the CEA-gene family. Whereas there is only one
gene encoding the human and rat CEACAM1-protein, there are two closely
related genes in the mouse (Ceacam1 and Ceacam2).
The aminoterminal Ig variable-type domain (IgV) is highly homologous

to that of other CEA-gene family members. At the same time, the IgV-like
domain is more susceptible to variations in its amino acid sequence than
the Ig constant-like (IgC) C2-like domains. CEACAMs are undergoing a dy-
namic evolution. All members of the CEA gene family share a common in-
tron–exon organization. They contain an exon encoding 50 UTR (untranslat-
ed region) and part of the leader peptide, followed by an exon encoding the
rest of the signal-peptide (34 aa) for membrane targeting and the N-terminal
IgV-like domain (108 aa). It is followed by exons encoding the IgC set-like
domains of either the A- (93 aa) or the B-type (85 aa) that are arranged in
A+B pairs. Each of these exons encodes a complete Ig domain. Downstream
of this region are exons encoding the C-terminal portion and the 30 UTR.
The number of Ig domains in CEACAM1 varies from one to four domains

as a result of alternative mRNA splicing. This also gives rise to two isoforms
that differ in the length of their cytoplasmic domains, a long form, referred
to as CEACAM1-L, composed of 70–73 amino acids, or a short form, re-
ferred to as CEACAM1-S, and comprising 10–12 amino acids (McCuaig et al.
1992; Edlund et al. 1993; Najjar et al. 1993; McCuaig et al. 1993). In contrast
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to the human CEACAM1 gene, there are two allelic variants in the mouse
and in the rat, Ceacam1a and Ceacam1b (Edlund et al. 1993; McCuaig et al.
1993). These allelic variants exhibit their greatest genetic variation within
the N-terminal domain. The most important isoforms of murine CEACAM1
contain either two or four extracellular Ig-like domains (the N-teminal do-
main and either the A2 or A1 and the B1 domain (Beauchemin 1999).
So far, the splice variants of human CEACAM1 are the best characterized

(Barnett et al. 1989; Barnett et al. 1993). To date, there are at least 12 known
splice variants. The most prominent isoforms are CEACAM1-4L and CEA-
CAM1-4S, each containing four extracellular Ig-like domains and either a
long or a short cytoplasmic tail.

2.2
Regulation of Transcription

The promoters of the CEA gene family member genes exhibit features of
housekeeping genes. They lack classical TATA or CCAAT boxes, and they
contain GC-rich regions and Sp1 sites. In the human and rat CEACAM1-
gene, binding sites for activator protein (AP)1 and AP2-like factors, USF
(upstream stimulatory factor), and HNF-4 (hepatic nuclear factor-4) could
be identified (Hauck et al. 1994; Najjar et al. 1996).
However, in contrast to classical housekeeping genes, CEACAM1-genes

are subjected to cell- and tissue-specific developmental and differential reg-
ulation (Schrewe et al. 1990; Hauck et al. 1991) Furthermore, they respond
to changes in the hormonal status in certain tissues and cell lines: their ex-
pression can be induced by cyclic adenosine monophosphate (cAMP), reti-
noids, androgens, estrogens, glucocorticoids, or insulin (Svalander et al.
1990; Botling et al. 1995; Hsieh et al. 1995; Daniels et al. 1996; Najjar et al.
1996; Makarovskiy et al. 1999; Phan et al. 2001). CEA gene family members
respond to inflammatory stimuli as well, such as interferons, tumor necrosis
factors, and interleukins (Takahashi et al. 1993; Chen et al. 1996; Kammerer
et al. 1998).

3
Three-Dimensional Structure

Modeling of the three-dimensional structure of members of the CEA gene
family revealed the characteristic Ig fold (Bates et al. 1992; Boehm 1996; Tan
et al. 2002). All human CEA-subgroup members contain one IgV-like do-
main and zero to six C-like domains. They are linked to the membrane by a
transmembrane anchor, followed by a long or short cytoplasmic tail, a gly-
cosylphosphatidylinositol (GPI)-anchor or, in case of the soluble PSG-sub-
group, a short hydrophilic tail. In contrast to the human CEA family pro-
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teins, rodent CEACAMs may contain several IgV-like domains (Rudert et al.
1992). GPI-linked proteins of the CEA family are not expressed in rodents.
CEA-related adhesion molecules are heavily glycosylated; they contain zero
to six Asn-X-Ser/Thr-motifs for potential N-linked glycosylation per Ig do-
main. The glycosylation of CEACAMs comprises high-mannose and com-
plex type oligosaccharides like lactosaminoglycans type I and type II chains
that are terminated by fucosyl- and sialyl-residues (Odin et al. 1986;
Mahrenholz et al. 1993; Stocks et al. 1993; Fukushima et al. 1995; Kannicht
et al. 1999; Sanders and Kerr 1999). Type I and type II lactosaminoglycans
constitute the Lewis blood group antigens. Prominent carbohydrate moieties
of this group on CEACAM1 and CEA are Lewisx and sialyl-Lewisx antigens
(Sanders and Kerr 1999). On CEACAM1, the presence of high-mannose
residues seems to be restricted to its membrane proximal A2-domain
(Mahrenholz et al. 1993; see also Fig. 7).
Modeling of the CEACAMs
 three-dimensional structures, i.e., CEACAM1

and CEA, has been performed on the basis of structural comparison with
other representative members of the Ig superfamily, namely CD2, CD4, CD8,
and the Bence-Jones protein REI (Tan et al. 2002 and references therein). In
a recent structural analysis performed with a soluble murine CEACAM1a,
splice variant comprising the N-terminal IgV-like domain and the mem-
brane proximal IgC-like domain (CEACAM1a[1,4]), the structure of the IgC-
like domains in CEACAMs was found to resemble the I-like Ig fold rather
than the C2-fold. Referring to data obtained earlier after structural modeling
of human CEA, it can be hypothesized due to high inter-species structural
conservation of the CEACAMs, that the A-type domains belong to the I1 set
and the B-type domains belong to the I2 set fold. The variable-like N-termi-
nal domains of the CEACAMs lack the characteristic disulfide linkage be-
tween the beta strands B and F but nonetheless meet the criteria for a V set
Ig-like fold (Bates et al. 1992; Harpaz and Chothia 1994; Chothia et al. 1998;
Wang and Springer 1998; Tan et al. 2002).
CEACAMs exhibit unique structural features when compared to other

members of the Ig superfamily. Structurally, the N-terminal domain of
CEACAM1 and other members of the CEA family is exceptional in that its
CC0 loop is convoluted and folds back onto the A0GFCC0C00 b-sheets, called
CFG face hereafter (Fig. 2). Moreover, within the CEA family, the ABED face
in the N-terminal domain is much more conserved than the CFG face. The
CFG faces of variable-like domains are frequently used in cell surface recog-
nition (Stuart et al. 1995; Wang and Springer 1998). This has been demon-
strated for viral binding to host cell receptors, as specific sequences within
this region confer the specificity for a cognate receptor. The variability in
this region of the CEACAMs determines their distinctive binding properties
in homophilic and heterophilic adhesion but also in their binding to extra-
cellular ligands and as targets for microbes and viruses. Regarding the role
of the N-terminal domain in trans-homophilic adhesion among CEACAM1
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and CEA, for example, it has been shown that interactions between the CGF
face, more specifically the CC0 loop, are essential to promote homophilic
binding (Teixeira et al. 1994; Watt et al. 2001).
This review will focus on functions of CEACAM1, as they are known to

date. The data summarized here have been collected from various experi-
mental in vitro-model systems, as well as from in vivo studies in mouse and
rat. Additionally, clinical data are included.

Fig. 2. Stereo view of the ribbon drawing of soluble murine CEACAM1a[1,4], which con-
tains the amino-terminal IgV-like (D1) and the membrane proximal IgC-like domain
(D4). The ribbon drawing reveals the anti-parallel b-sheets that constitute the immuno-
globulin fold. The uniquely convoluted CC0 loop in the N-terminal domain which is in-
volved in molecular recognition processes by CEACAMs, such as binding murine hepati-
tis virus and other ligands (see there in this review), is highlighted in yellow. The predict-ww
ed key virus-binding residue Ile41 on the CC0 loop is shown in red in ball-and-stick rep-
resentation. The N-linked glycan at Asn70 in the D1 domain that is conserved through
the whole CEA family is labeled accordingly. (Reproduced from Tan et al. 2002, with per-
mission)
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4
Expression Pattern

4.1
Expression of CEACAMs in Healthy Adult Tissues

CEACAMs display a very heterogeneous expression pattern. Crossreactivity
between several anti-CEACAM antibodies hampered precise characteriza-
tion of their individual expression pattern until more specific antibodies be-
came available. Summaries about reactivity of certain anti-CEACAM anti-
bodies and antisera can be found in Nap et al. (1992) Sch�lzel et al. (2000)
and Watt et al. (2001).
To date, the expression patterns of CEA (encoded by the CEACAM5

gene), CEACAM1, CEACAM6, and CEACAM7 have been characterized best
(Prall et al. 1996; Stanners 1998). Recently, more detailed information about
the expression pattern of CEACAM6 and CEACAM7 have become available
(Sch�lzel et al. 2000). However, there is relatively little information available
on the expression pattern of CEACAM3, CEACAM4, and CEACAM8. Gener-
ally, CEACAMs are subjected to developmental and differential regulation in
a spatiotemporal fashion.
Despite their different sites of expression, CEACAMs can be categorized

into four major groups:

1. Selective epithelial expression pattern: CEA, CEACAM7—with pronounced
apical expression

2. Expression on granulocytes: CEACAM3,8
3. Broad expression: CEACAM1,6
4. Predominant expression pattern in the syncytiotrophoblast: CEACAM-ps1–

11 (formerly PSGs,)

CEACAM1, CEACAM3, and CEACAM4 contain a hydrophobic transmem-
brane domain followed by a long or short cytoplasmic domain, whereas
CEACAM2, CEA, CEACAM6, and CEACAM7 are attached to the membrane
via a glycosylphosphatidyl inositol anchor. CEA family members with GPI
anchors are not expressed in rodents. The expression pattern of CEACAMs
in mouse and human is very similar. However, in contrast to human, there
are two CEACAM1 genes in mice, Ceacam1 and Ceacam2, that display
slightly different expression patterns; whereas gene products of the Ceacam1
gene are predominantly found in the majority of epithelia, leucocytes,
and endothelia, Ceacam2 is mainly expressed in spleen, kidney, and testes
(Robitaille et al. 1999; Han et al. 2001).
CEACAM1 displays the broadest expression pattern among CEACAMs

that is conserved in humans and rodents. It is expressed on various epithe-
lia, such as esophagus (glandular epithelial cells), stomach (pyloric mucous
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Fig. 3A–I. Expression pattern of human CEACAM1 in various human tissues in paraffin
sections, as revealed by binding of the monoclonal anti-human CEACAM1-antibody
4D1/C2 (Drzeniek 1991) in: A liver, APAAP detection (alkaline phosphatase-anti alkaline
phosphatase), B small intestine, ABC detection (avidin-biotin-complex), C glands from
the gastroduodenal junction with enterocytes and mucosa glands, avidin biotin peroxi-
dase complex (ABC) detection, D colon, alkaline phosphatase anti-alkaline phosphatase
(APAAP) detection, E endometrium, APAAP detection, F uterine portio, APAAP detec-
tion, G kidney, APAAP detection, H placenta, APAAP detection, and I bone marrow,
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cells, Brunner
s gland cells), in epithelial cells of the duodenum, jejunum,
and ileum; in colon (columnar epithelial cells, caveolated cells), pancreas
(ductal epithelial cells), liver (bile canaliculi, bile duct epithelial cells), gall
bladder (epithelia), in kidney epithelial cells in the proximal tubuli, the uri-
nary bladder (transitional epithelial cells), prostate epithelial cells, cervix,
squamous epithelial cells, endometrium, glandular epithelial cells, and in
sweat and sebaceous glands (Fig. 3). Furthermore, CEACAM1 is expressed
on granulocytes, leucocytes (T- and B-lymphocytes, monocytes), dendritic
cells, and on endothelial cells in some organs (Hanenberg et al. 1994;
Fr�ngsmyr et al. 1995; Prall et al. 1996; Kammerer et al. 1998; Kammerer et
al. 2001). Its two major isoforms, CEACAM1-L and CEACAM1-S, seem to be
co-expressed in all tissues investigated so far (Baum et al. 1996; Turbide et
al. 1997) with the exception of breast, endothelia, and T lymphocytes.
CEACAM6 also displays a fairly broad expression pattern, as it shares

common sites of expression with CEACAM1: CEACAM6 is expressed in epi-
thelia of different organs, and in granulocytes and monocytes (Kodera et al.
1993; Metze et al. 1996; Sch�lzel et al. 2000).
CEA exhibits a more restricted expression pattern in normal adult tissues.

It is expressed on columnar epithelial cells in the colon, in mucous neck and
goblet cells, in the pyrolic mucous cells of the stomach, and in squamous
epithelial cells of the tongue, esophagus, prostate, and cervix as well as in
secretory epithelia and duct cells of sweat glands. CEA expression has also
been described on endothelia (Majuri et al. 1994). Interestingly, as shown in
transgenic mouse models, the spatiotemporal expression pattern of CEA ex-
pressed under the transcriptional control of the CEACAM5 promoter is pre-
served in transgenic animals (Eades-Perner et al. 1994). CEACAM7 is ex-
pressed in a pattern similar to CEA in colon, but is not found in granulo-
cytes. CEACAM3 and CEACAM8 are expressed in granulocytes but have not
been described in epithelial cells so far.
For the PSGs, the main expression site is the placenta, displaying high ex-

pression during the first trimester of pregnancy. Their expression is restrict-
ed to the syncytiotrophoblast (Rebstock et al. 1993; Zhou et al. 1997).

APAAP detection. CEACAM1 shows a pronounced apical location in B, C, D, E, and G
(large arrows), and the staining of endothelia in E, G, and H (small arrows). Bars:
A,D,F=100 mm; B, C, E, G, H=50 mm; I=25 mm. (Reproduced from Prall et al. 1996 with
permission)

tt
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4.2
Expression of CEACAMs in Healthy Adult Colon

The expression of different members of the CEA-family has been extensively
studied in the human colon, where they are a major component of the epi-
thelial defense barrier, consisting of the glycocalyx and a supraepithelial
mucus layer (Baranov et al. 1994; Fr�ngsmyr et al. 1995; Fr�ngsmyr et al.
1999; Hammarstr�m and Baranov 2001). Four members of the CEA family

Fig. 4a–d. Immunoelectron microscopy of CEA, CEACAM1, CEACAM6, and CEACAM7
in normal human colon (indirect immunoperoxidase method). a Micrograph of the api-
cal portion of a columnar cell. CEA-positive material is detected over the top of the mi-
crovilli (MV), and consists of thick long filaments and membrane vesicles (arrowheads).
b Micrograph of the apical part of a mature columnar cell. Electron-dense CEACAM7-
positive material is present between microvilli (arrows). Thin long matted filaments at
the top of the microvilli are weakly stained. c Micrograph of the apical part of a mature
columnar cell. CEACAM6-positive granular compact material, including membrane-
bound vesicles, is seen between (arrows) and over the top of the microvilli (arrowheads).
d Micrograph of the apical region of a mature columnar cell. A delicate CEACAM1-
positive material that consists of very thin loose filaments is mainly located between the
microvilli (arrowheads). Magnifications (a–d): �20,000. The following murine monoclo-
nal antibodies (mAb) were used: anti-CEA mAb Bu-103 (Baranov et al. 1994), anti-
CEACAM6 mAbMox-36 (Baranov et al. 1994), anti-CEACAM1 mAb 4D1/C2 (Drzeniek et
al. 1991), and anti-CEACAM7 mAb BAC2 (Fr�ngsmyr et al. 1999). (Reproduced from
Hammarstr�m and Baranov 2001, with permission from Elsevier Science)
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are expressed in the healthy colon, CEACAM1, CEA, CEACAM6, and
CEACAM7. All four of these members of the CEA family are specifically
localized on the apical surface of mature columnar epithelial cells (entero-
cytes), in microvesicles, filaments, and on highly differentiated epithelial
cells at the crypt mouth. No expression can be detected on the basolateral
side of the gut epithelium (Hansson et al. 1989; Fr�ngsmyr et al. 1999).
CEACAMs are a major component of the brush-border glycocalyx. However,
regarding cellular differentiation, these CEACAMs display a compartmental-
ized expression pattern. Whereas CEA is exclusively located on the top of
microvilli, and CEACAM7 is restricted to their lateral sides, CEACAM1 and
CEACAM6 are expressed at the apical and lateral part of microvilli (Fig. 4).
CEA and CEACAM6 are also expressed on goblet cells. Undifferentiated or
maturing epithelial cells of mid and lower crypts are devoid of CEACAM1
and CEACAM7, and synthesize CEA and CEACAM6 only at low levels
(Hammarstr�m and Baranov 2001; Fig. 4).

4.3
Expression of CEACAMs During Gestation and Embryonic Development

Expression of CEA family members starts during the early fetal period and
is maintained throughout life. Their expression can be detected within the
first trimester of pregnancy in the embryo in humans and rodents and in-
creases towards the end of embryonic development. Moreover, CEACAM1
and PSGs are expressed in the invasive trophoblast during gestation
(Rebstock et al. 1993; Daniels et al. 1996; Bamberger et al. 2000).
CEA is present in normal human tissues in the fetus and in the adult in

endoderm-derived tissues exclusively (Nap et al. 1988). The expression of
CEA and other CEA-gene family members can be detected in early stages of
pregnancy during the first trimester in human (Wagener et al. 1983; von
Kleist et al. 1986). CEACAM1 expression also starts in the early phases of
development and displays an interesting spatiotemporal regulation. In hu-
man and in mouse, it is expressed in the placenta on the maternal–fetal in-
terface of the invasive extravillous trophoblast. CEACAM1 is also present
on epithelial cells of pregnancy epithelium, but the decidua is devoid of
CEACAM1. As in the human, CEACAM1 is also expressed during early stag-
es in rodent development. Its expression can be detected as early as day 7.5
in the postimplantation conceptus, namely in the visceral yolk sac and in
the invasive syncytiotrophoblast (Huang et al. 1990; Daniels et al. 1996; Sawa
et al. 1997; Bamberger et al. 2000). Furthermore, CEACAM1 is expressed on
maternal blood vessels, and a strong reactivity for anti-CEACAM1-specific
antibodies is also found on embryonic capillaries. In the mouse embryo, the
first sites of CEACAM1 expression are the primitive gut during early mor-
phogenesis of the surface ectoderm, and in areas of epithelial–mesenchymal
interactions, i.e., in the dermis, meninges, lung, kidney, salivary glands, and
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the pancreas. CEACAM1 is also detected during myogenesis and odontogen-
esis (Rass et al. 1994; L�ning et al. 1995; Daniels et al. 1996).

4.4
Dysregulation of the Expression of CEACAMs in Human Tumors

CEACAMs are expressed in various tumors of epithelial origin (colorectal
carcinoma, lung adenocarcinoma, mucinous ovarian carcinoma, endometri-
al adenocarcinoma). Overall, the expression of CEA is more restricted in tu-
mors than CEACAM1 and CEACAM6, which are also dysregulated in leuke-
mias, hepatocellular carcinoma, and melanoma (summarized in Table 1).
In contrast to other CEA family members that are down- or upregulated

in human tumors, CEACAM1 displays a rather conflicting expression pat-
tern. In human colon, prostate, and hepatocellular carcinoma, for example,
CEACAM1 is downregulated when compared to healthy tissue specimens.
However, CEACAM1 is upregulated in gastric and squamous lung cell carci-
nomas or in malignant melanoma. In cases of CEACAM1 downregulation
during early tumorigenesis, the loss of CEACAM1 expression is accompa-
nied by a dramatic alteration in tissue architecture, caused by changes in
cell polarity and adhesion. The effects observed after downregulation of
CEACAM1 expression are phenotypically quite similar to those observed af-
ter the mutation of cadherins or loss of their expression during malignant
progression (Birchmeier and Behrens 1994; Bracke et al. 1996). The impact
of CEACAM1 expression on tissue architecture has been clearly demonstra-
ted for hepatic, colorectal, and prostate carcinomas (Hixson et al. 1985; Nol-
lau et al. 1997; Busch et al. 2002). In this context, it is noteworthy that resto-
ration of CEACAM1-4S expression in mammary carcinoma cells induces lu-
men formation and reversion of the tumorigenic phenotype in a cell culture
model (Kirshner et al. 2003a). In a marked contrast to these observations,
CEACAM1 is re-expressed in invasive melanoma and lung adenocarcinoma
(Laack et al. 2002; Thies et al. 2002). In the case of malignant melanoma,
CEACAM1 expression was especially found at the invasive front of the tu-
mors and maintained in their metastatic lesions. Moreover, CEACAM1 was
identified as a cis-binding partner of integrin aVb3 in a variety of epithelial
cell lines, endothelial cells, and malignant melanoma (Br�mmer et al. 2001).
Hence, it is possible that cis-interaction of CEACAM1 with integrins can
promote invasion. Downregulation of CEACAM1 during the progression of
colonic carcinoma is an early event in tumorigenesis, indicating that loss of
its expression is the result of a genetically based alteration (Neumaier et al.
1993). However, with regards to invasion, its invasive potential seems in part
to depend on its binding partners in cis and its phosphorylation status (A.K.
Horst, C. Wagener, and N. Beauchemin, manuscript in preparation).
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5
Biological Functions of CEACAMs

5.1
CEACAMs Are Cellular Adhesion Molecules

CEACAMs in human, mouse, and rat all act as homophilic cell adhesion mo-
lecules in vitro (Ocklind and �brink 1982; Rojas et al. 1990; McCuaig et al.
1992). Interestingly, despite its high homology to other CEACAMs, murine
CEACAM2 does not function as a cell adhesion molecule (Robitaille et al.
1999).
The biological functions of the CEACAMs are largely determined by their

ability to act as cellular and intercellular adhesion molecules. Adhesion of
CEACAMs to each other or engagement with extracellular ligands induces
specific signal transduction through CEACAMs, more specifically through
CEACAM1-L and CEACAM3-L. Except for CEACAM3, CEACAM4, and
CEACAM7, CEACAMs of the CEA-subgroup can interact with each other by
homophilic or heterophilic binding. CEACAM1, CEA, and CEACAM6 exhibit
homophilic and heterophilic adhesion among each other, whereas CEACAM8
seems to bind only to CEACAM6 (Oikawa et al. 1991). Binding of CEACAM1
to itself, CEA, or CEACAM6 was demonstrated by the use of recombinant
CEACAM1 as well as in heterologous transfection. The adhesive properties of
CEACAM1 are regulated by dimerization, the phosphorylation status of its
cytoplasmic tail, its binding to calmodulin, and the activity of tissue transglu-
taminase (�brink 1997; Hunter et al. 1998). Recently, it was shown that adhe-
sive properties of CEACAM1-4L can be modified after cleavage of its cyto-
plasmic tail by caspase-3 (Houde et al. 2003). Both the long-tail and short-tail
isoform of CEACAM1 (CEACAM1-L and CEACAM1-S, respectively) undergo
dimer formation in their cell-bound and soluble form, as shown using chemi-
cal crosslinkers (Hunter et al. 1996). Additionally, CEACAM1-L was identified
as a substrate for tissue transglutaminase and it produces CEACAM1-L di-
mers by intracytoplasmic crosslinking (Hunter et al. 1998). CEACAMs prefer-
entially form homodimers, i.e., CEACAM1-L binds to CEACAM1-L and
CEACAM1-S binds to CEACAM1-S. Homodimerization of Ig superfamily
members has been described for CD84, JAMs (junctional adhesion mole-
cules), CD146, PECAM-1 (platelet endothelial cell adhesion molecule-1,
CD31), ICAM-1 (intercellular adhesion molecule, CD54), N-CAM (neural cell
adhesion molecule), and has also been established for cadherins (Rao et al.
1994; Shapiro et al. 1995; Nagar et al. 1996; Sun et al. 1996; Alais et al. 2001;
Kostrewa et al. 2001; Martin et al. 2001). For cadherins and CEA, homodimer
formation in cis is implicated in reinforcing adhesion of cadherins and CEA
(Bates et al. 1992; Shapiro et al. 1995; Nagar et al. 1996).
In epithelial cells, a chemical equilibrium between dimers and monomers

exists. This chemical equilibrium is influenced by the proliferative status
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of the cell, the overall expression levels of the two isoforms, the ratio of
CEACAM1-L and CEACAM1-S, and the levels of phosphorylation of the cy-
toplasmic tail on tyrosine and serine residues (Edlund et al. 1996; �brink
1997). CEACAM1-L and CEACAM1-S contain phosphorylation target sites
for protein kinase C (PKC) that are located in proximity to calmodulin
binding sites (Edlund et al. 1996). Calmodulin has two binding sites in
CEACAM1-L and one in CEACAM1-S. The increase of intracellular calcium
during cellular activation processes leads to the dissociation of CEACAM1
dimers in vitro (�brink 1997; Fig. 5).

Fig. 5. A Comparison and amino acid sequence alignment of the highly homologous
CEACAM1-L cytoplasmic domain in rat, mouse, and human. Conserved residues are
highlighted. Conserved elements of signal transduction motifs are shown in bold type: the
CEACAM1-L cytoplasmic domains contain conserved motifs containing tyrosine resi-
dues that are embedded into an imperfect ITAM (D/ExxxxxxD/ExxYxxLxxxxxxYxxL/I)
or two perfect ITIMs (S/I/V/LxYxxL/V/I). Though the rat and mouse CEACAM1-L cyto-
plasmic domains are slightly shorter than the human CEACAM1-L cytoplasmic domain,
Tyr513 in rat corresponds structurally and functionally to Tyr515 in mouse and Tyr516
in man. B Schematic summary of signal transduction and ligand binding properties of
CEACAM1-S and CEACAM1-L cytoplasmic domains. Binding sites for calmodulin are
underlined, binding sites for cytoskeletal components such as tropomyosin or actin,
growth factor receptors or enzymes such as protein kinases or phosphatases and other
intracellular adaptor proteins are highlighted appropriately. Residues known to be subject
to phosphorylation and dephosphorylation are Tyr488, Ser503, and Tyr515. These resi-
dues are key mediators of CEACAM1-L signal transduction and adhesion
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In each case of cis- or trans-interaction between CEACAMs, their first Ig
domain is essential (Cheung et al. 1993; Teixeira 1994; Watt et al. 2001). Ho-
modimers interact through reciprocal bonds in their N-terminal domain
(Wikstr�m et al. 1996).
Examples for CEACAM function mediated by homophilic adhesion events

include the establishment of tissue organization during embryonic develop-
ment in the intestinal epithelium and in hepatocytes, in placental tropho-
blasts, during odontogenesis and myogenesis, during vascularization of the
central nervous system, in neutrophil activation and extravasation during
inflammatory responses, in regulation of T cell responses, in angiogenesis
and regulation of cell proliferation (�brink 1997; Hammarstr�m 1999;
Zimmermann 2002). Examples of heterophilic interactions that involve
CEACAMs are the adhesion to other CEACAM family members, adhesion to
E-selectin, galectin-3, outer membrane proteins of Neisseria meningitidis
and Neisseria gonorrhoe, Haemophilus influenzae, fimbriae of Salmonella ty-
phimurium and Escherichia coli, and murine hepatitis virus, as described in
detail below.

5.2
CEACAMs Display Versatile Signal Transduction Properties

5.2.1
Mechanisms of Signal Transduction by CEACAM1

The primary structure of the cytoplasmic domain displays a high conserva-
tion between humans and rodents. The most remarkable feature of the
CEACAM1-L cytoplasmic domain lies in the two ITIM motifs (immunore-
ceptor tyrosine-based inhibition motif) that are fundamental in the regula-
tion of signal transduction through CEACAM1-L. The CEACAM1-L cyto-
plasmic domain contains two tyrosine residues that have been shown to be
phosphorylated. The first tyrosine, Tyr488, and the second tyrosine, Tyr515,
are each located within an ITIM. Tyr515 in mouse corresponds to Tyr513 in
rat and Tyr516 in human. ITIM motifs occur in a wide range of actual
and potential coinhibitory receptors, in cytokine receptors or signaling ki-
nases and intermediates. ITIMs are identified by the restricted consensus
V/IxYxxL/V, but this sequence may be rather generally defined by the se-
quence V/I/L/SxYxxL/V/I (Sinclair 2000). When considering Tyr488 and
Tyr515 together, these residues are located within an imperfect ITAM (im-
munoreceptor tyrosine-based activation motif; Fig. 5). In contrast to classic
ITAMs, the spacing between the two tyrosine residues is not 10 amino acids,
but rather 24–26 amino acids (Cambier 1995). The membrane proximal resi-
due within the first ITIM, Tyr488, is phosphorylated by kinases of the src
family, and by growth factor receptor tyrosine kinases such as the insulin
receptor (IR) and the epidermal growth factor (EGF) receptor (Phillips et al.
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1987). In epithelial cells, CEACAM1-L is phosphorylated by c-src, and in
granulocytes by c-src, lyn, and hck (Skubitz et al. 1995). In hepatocytes,
CEACAM1-L becomes tyrosine phosphorylated upon interaction with the IR
tyrosine kinase (Margolis et al. 1990). In vitro, these tyrosine residues can
be phosphorylated after treatment of cultured cells with the tyrosine phos-
phatase inhibitor pervanadate (Lin et al. 1995; Beauchemin et al. 1997). Reg-
ulated phosphorylation on Tyr488 of its cytoplasmic domain is of funda-
mental importance for signal transduction through CEACAM1-L. After
phosphorylation on this residue, CEACAM1 interacts with components of
the cytoskeleton, such as actin and paxillin, but also b3 integrin (see below;
Ebrahimnejad et al. 2000; Sadekova et al. 2000; Br�mmer et al. 2001;
Schumann et al. 2001).
Additionally, tyrosine phosphorylated CEACAM1-L becomes a substrate

for the ubiquitously expressed phosphotyrosine phosphatases Src homology
2 domain-containing protein tyrosine phosphatase (SHP)-1 and SHP-2
(Beauchemin et al. 1997; Huber et al. 1999). Phosphorylation on both CEA-
CAM1-L Tyr488 and Tyr515 is required for the recruitment of these SH2 do-
main-containing phosphatases. Binding of SHP-1 and SHP-2 has been de-
scribed for coinhibitory receptors and other adhesion molecules that con-
tain ITIM motifs in their cytoplasmic portion, such as a number of hemato-
poietic cell surface receptors: the Fcg receptor IIB, CD22, and KIRs (killer
inhibitory receptors) on natural killer cells (Long 1999; Sinclair 2000). Bind-
ing of SHP-2 to platelet endothelial cell adhesion molecule-1 (PECAM-1,
CD31) is also well characterized. Strikingly, the cytoplasmic domains of
PECAM-1 and CEACAM1-L share a high homology within their C-terminal
region (Huber et al. 1999). Both the PECAM-1 and CEACAM1-L cytoplasmic
domains are transiently phosphorylated on two tyrosine residues during
adhesion processes, or, as for PECAM-1, during platelet aggregation
(Famiglietti et al. 1997). Abrogation of tyrosine phosphorylation on
PECAM-1 can modulate its homophilic and heterophilic binding properties.
A very similar model for regulated CEACAM1 dimerization and its subse-
quent association with intracytoplasmic adaptor proteins like serine and ty-
rosine kinases or phosphatases has been proposed by �brink
s group
(�brink et al. 2002 and references therein). Clustering of CEACAM1-L
through monoclonal antibodies induces transient dephosphorylation (Budt
et al. 2002).
In addition to tyrosine phosphorylation, CEACAM1-L becomes phos-

phorylated on Ser503. Basal phosphorylation on Ser503 was first described
on CEACAM1-L in context with its activity as a bile salt transporter in rat
bile canalicular cells that is associated with a co-purifying ecto-ATPase
(Sippel et al. 1994). Furthermore, Ser503 phosphorylation is essential during
complex formation between CEACAM1-L and the IR, and for its tumor cell
growth suppressive effects (see below). Ser503 phosphorylation, however,
appears to be regulated in part through tyrosine phosphorylation, indicating
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that distinct signals of different signal transduction pathways can act
through CEACAM1-L.
Although CEACAM1-L has been identified as the major active splice vari-

ant of CEACAM1 in signal transduction, CEACAM1-S also exerts interesting
signal transduction properties, such as interaction with cytoskeletal compo-
nents (see below), and phosphorylation on serine and threonine residues by
protein kinase C isoenzymes (Edlund et al. 1998; cf. Fig. 5). However, its bi-
ological function is less well studied. In the mammary gland, CEACAM1-4S
mediates apoptosis during mammary morphogenesis, and re-expression of
CEACAM1-4S in breast cancer cell lines reverts their malignant phenotype
to a normal phenotype when grown in 3D culture matrices (Kirshner et al.
2003a). Additionally, annexin II, a regulator of the secretory differentiation
of mammary gland cells, has been identified as an intracellular ligand for
CEACAM1-S (Kirshner et al. 2003b).

5.2.2
CEACAM1 Interacts with Components of the Cytoskeleton

In brush border cells of rat small intestine and in skeletal muscle cells,
CEACAM1-L is associated with cortical actin, providing evidence for the im-
plication of CEACAM1 in the organization and maintenance of tissue archi-
tecture (Hansson et al. 1989; Da Silva-Azevedo et al. 1999). It is assumed that
this requires homophilic adhesion between CEACAM1 molecules on neigh-
boring cells (Da Silva-Azevedo et al. 1999; Sadekova et al. 2000). Further-
more, CEACAM1-L also binds tropomyosin with its binding site in close
proximity to the actin-binding site (Sadekova et al. 2000; Schumann et al.
2001). Using transfection studies in an adenocarcinoma cell line, it was dis-
covered that the interaction with G-actin (globular actin) is dependent on ty-
rosine phosphorylation of the CEACAM1 long cytoplasmic tail. However,
CEACAM1-S also contains actin-binding sites in its cytoplasmic portion. The
individual sequences for actin binding in CEACAM1-S and CEACAM1-L are
slightly different from each other. This might explain why tyrosine phosphor-
ylation in CEACAM1-L can actually modulate its actin-binding properties
(Schumann et al. 2001). The association with F-actin (fibrillar actin) can oc-
cur but is suspected to be indirect (Sadekova et al. 2000; Schumann et al.
2001). Importantly, CEACAM1-L localization in epithelial cells is restricted to
their apical and lateral surface, i.e., cell–cell contacts (Sundberg and �brink
2002). This was also confirmed after microinjection of CEACAM1-L cDNA
into fibroblasts and colon carcinoma cells (Sadekova et al. 2000). In contrast
to CEACAM1-L, CEACAM1-S displays a rather diffuse localization in epithe-
lial cells and fibroblasts after microinjection in a transient expression system
(Sadekova et al. 2000). When stably transfected canine kidney epithelial cells
(MDCK) are used, CEACAM1-S exhibits pronounced apical expression, but
is not found in the lateral compartment. The explanation for this might be
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the fact that the MDCK cells were allowed to form layers and were grown on
filters that encourage cellular polarization (Sundberg and �brink 2002). In
the microinjection experiments, CEACAM1-L and CEACAM1-S were co-ex-
pressed with constitutively active Rho–guanosine triphosphatases (GTPases)
on untreated culture dishes (Sadekova et al. 2000). Rho GTPases control a
variety of cellular processes such as organization of the cytoskeleton, gene
transcription, and adhesion (Mackay and Hall 1998). It was revealed that
Rho–GTPase activity was required to target CEACAM1-L to the cell periph-
ery in epithelial cells, more specifically to sites of cell–cell contacts. Targeting
of CEACAM1-L to cell–cell contacts is induced by activated cdc42 and Rac1,
and requires the CEACAM1-L transmembrane domain (Fournes et al. 2003).
This targeting could be abolished by use of chaotropic agents such as cyto-
chalasin D that disrupts F-actin. No such effects on CEACAM1-S localization
could be detected. Shively
s group proposed a regulatory mechanism for
actin polymerization through CEACAM1, assuming CEACAM1-S interacts
with G-actin, serving as a putative G-actin polymerization site, and with
CEACAM1-L as an anchoring platform for polymerized actin filaments
(Schumann et al. 2001).

5.2.3
CEACAM1 Acts as a Tumor Suppressor

First indications pointing toward an involvement of CEACAM1 in suppres-
sion of tumor cell growth were obtained after observing differential regula-
tion of CEACAM1 expression in hepatoma (Hixson et al. 1985). In hepato-
carcinoma cells, loss of CEACAM1 expression was observed in malignant
cells when compared to normal specimens (Tanaka et al. 1997). Later, it was
discovered that CEACAM1 is also downregulated in other tumors of epithe-
lial origin in human, mouse and rat, such as colon (Neumaier et al. 1993;
Rosenberg et al. 1993; Nollau et al. 1997), prostate (Kleinerman et al. 1995a;
Pu et al. 1999; Busch et al. 2002), breast (Riethdorf et al. 1997; Huang et al.
1998; Bamberger et al. 1998), endometrium (Bamberger et al. 1998), and
bladder (Kleinerman et al. 1996), leading to the hypothesis that CEACAM1
behaves as a tumor suppressor. CEACAM1 downregulation is an early step
during malignant transformation in human tumors, for example during
the development of colon carcinomas, where its expression is markedly
decreased in the microadenoma and adenoma stages (Ilantzis et al. 1997;
Nollau et al. 1997). Intriguingly, a 1-bp deletion has been identified within a
microsatellite region of the 30 UTR of the human CEACAM1 gene, which is
suspected to be involved in tumor onset and progression by dramatically de-
creasing CEACAM1 expression (Ruggiero et al. 2003).
The antitumoral potential of CEACAM1 has been extensively investigated

in cell culture and orthotopic xenograft models that provided further evi-
dence for its suppressive effects on tumor cell growth in colon and prostate
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cancer (Hsieh et al. 1995; Kleinerman et al. 1995b, 1996; Kunath et al. 1995;
Luo et al. 1999; Estrera et al. 2001). Furthermore, it was revealed that the tu-
mor suppressive effects exerted by CEACAM1-L in human, mouse, or rat are
dependent on the presence of its long cytoplasmic tail and that physiological
levels of CEACAM1 expression are required to sustain this function (Luo
et al. 1997; Turbide et al. 1997; Izzi et al. 1999). The cytoplasmic tail of
CEACAM1-L is necessary and sufficient to mediate growth inhibitory activi-
ty whereas CEACAM1-S does not display tumor cell growth inhibitory func-
tion (Turbide et al. 1997). These studies lead to the identification of amino
acids that are crucial for the promotion of the reduction in tumor cell
growth; as in other biological functions mediated by CEACAM1, phosphory-
lation on Tyr488, located within the ITIM, and on Ser503 play a key regula-
tory role in this context (Izzi et al. 1999; Estrera et al. 2001; Fournes et al.
2001).
Abrogation of tyrosine phosphorylation on Tyr488 or Ser503 by conver-

sion of these amino acids to Phe or Ala, respectively, impairs the cell growth
inhibitory effects. In contrast to Tyr488, tyrosine phosphorylation on Tyr515,
as shown in mouse models, does not seem to influence the tumor suppressive
potential of CEACAM1-L. The exact underlying molecular mechanisms for
tumor suppression by CEACAM1 are still poorly understood. It is unclear at
present whether dephosphorylation of the CEACAM1-L cytoplasmic domain
by the tyrosine phosphatases SHP-1 and SHP-2 or a serine phosphatase is
necessary in vivo to reduce tumoral cell proliferation.
Another aspect of tumor suppression by adhesion molecules is the phe-

nomenon of contact inhibition leading to an arrest in cellular proliferation.
In a cell culture model comparing a cell line derived from normal prostate
epithelium and a bladder cancer cell line, homophilic cellular adhesion
through CEACAM1 in trans and the expression of its isoform ratios was
shown to be different in quiescent and proliferating cells (Singer et al. 2000).
As mentioned above, the abilities of CEACAM1 to interact with components
of the cytoskeleton and src-kinases or tyrosine phosphatases depend on the
isoform ratio expressed by a particular cell type and engagement of these
isoforms in dimer formation. The delicate equilibrium of CEACAM1-L
monomers versus CEACAM1-L dimers regulates the balance between prolif-
erative or anti-proliferative effects (�brink et al. 2002).
In general, few examples are known which reveal a causal context between

the impact of signal transduction through adhesion molecules and malignant
progression and dissemination of cells from a primary tumor. Well-studied
examples in this context are E-cadherin and N-CAM (Birchmeier and
Behrens 1994; Cavallaro et al. 2001; Hajra and Fearon 2002). Apart from the
cadherin–catenin pathway, membrane association of the tyrosine phospha-
tases SHP-1 and SHP-2 can be observed in contact-inhibited cells. This asso-
ciation is required for E-cadherin-mediated growth arrest through p27Kip, an
effector of cyclin E-dependent kinase activity (Pallen and Tong 1991; St Croix
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et al. 1998). Interestingly, CEACAM1 expression on quiescent, confluent blad-
der carcinoma cells correlates with the expression of p27Kip (Singer et al.
2000), whereas p27Kip is downregulated in proliferating cells. Additionally,
CEACAM1 expression in human breast carcinomas is associated with the
expression of tumor suppressors such as Rb (retinoblastoma protein) and
p27Kip (Bamberger et al. 2002). Furthermore, adhesion molecules like cad-
herins and N-CAM respond to signaling by growth factor receptors, such as
EGF and fibroblast growth factor (FGF), respectively. During tumor progres-
sion, their adhesive properties are modulated by the influence of these
growth factors or, as it has been described for E-cadherin, their expression
is downregulated upon EGF receptor activation (Hazan and Norton 1998;
Cavallaro et al. 2001; Al Moustafa et al. 2002). CEACAM1 is also a substrate
for growth factor receptors or responds to growth factor stimuli (Phillips et
al. 1987; Erg�n et al. 2000).
CEACAM1 is not downregulated in all carcinomas; its expression can

also be upregulated in certain tumors, as mentioned above. Intriguingly,
CEACAM1 expression also correlates with b3 integrin expression in regulat-
ed and dysregulated invasive processes such as trophoblast invasion and
the progression of malignant melanoma (Bamberger et al. 2000; Thies et al.
2002). The influence of putative interacting partners for CEACAM1 in cis and
trans on the invasive behavior of primary tumors has not been investigated
in detail so far. b3 Integrin is the only cis-interacting adhesion molecule for
CEACAM1-L identified to date (Br�mmer et al. 2001). Moreover, the expres-
sion pattern of the CEACAM1 isoforms CEACAM1-S and CEACAM1-L in the
majority of malignant human tumors has not been defined yet. In invasive
human lung adenocarcinomas, for example, CEACAM1-S expression is
markedly upregulated when compared to normal tissue specimen that pre-
dominantly express CEACAM1-L (Wang et al. 2000).

5.2.4
CEACAM1 Promotes Invasion

Contradictory to the observations mentioned above, CEACAM1 is overex-
pressed in human invasive melanomas, primary lung tumors (squamous cell
carcinoma, adenocarcinoma and small cell carcinoma), and stomach tumors
(Kim et al. 1992; Ohwada et al. 1994; Kinugasa et al. 1998; Wang et al. 2000;
Laack et al. 2002; Thies et al. 2002). In human malignant melanoma, CEA-
CAM1 expression is strongest at the invasive front of the primary tumor,
and is preserved in distant metastatic lesions (Thies et al. 2002). Further-
more, CEACAM1 expression correlates with the development of metastatic
disease and is an independent prognostic parameter. A similar correlation
between CEACAM1 expression and poor prognosis is found in adenocarci-
noma of the lung (Laack et al. 2002). However, in metastatic lesions of lung
tumors, CEACAM1 mRNA expression appears to be decreased when com-
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pared to its expression levels in primary tumors (Ohwada et al. 1994). More-
over, CEACAM1 associates in cis with integrin avb3 at the invasive front of
malignant human melanoma and at the apical surface of glandular cells of
pregnancy endometrium (Br�mmer et al. 2001). The concentrated colocal-
ization at the tumor–stroma interface of invading melanoma and in the tran-
sitional region from proliferative to invasive extravillous trophoblast of the
maternal–fetal interface indicates a role for CEACAM1/integrin b3 complex-
es in cellular invasion (Br�mmer et al. 2001).

5.2.5
CEACAM1 Is a Substrate for the Insulin Receptor
and Regulates Insulin Clearance

Cellular sensitivity towards insulin is regulated by insulin-induced internal-
ization and recycling of its receptor. Upon internalization of the receptor–
ligand complex, the receptor is recycled, whereas insulin is targeted for
degradation by passage through endosomal and lysosomal compartments.
CEACAM1-L has been identified as an endogenous substrate for the tyrosine
kinase activity of the insulin and EGF receptors in rat hepatoma cells and
rat liver cell membranes (Rees-Jones and Taylor 1985; Phillips et al. 1987). In
contrast to other substrates of the insulin receptor (IR), CEACAM1-L does
not directly bind to insulin-like growth factor (IGF)-1 (Najjar et al. 1997).
The stimulation of insulin-induced endocytosis of the IR by CEACAM1-L

requires a coordinated sequence of phosphorylation events in the
CEACAM1-L and the IR cytoplasmic tails. Upon activation of the IR by li-
gand binding, it is autophosphorylated on diverse tyrosine residues and
CEACAM1-L is recruited into the IR endocytosis complex (Choice et al.
1998; Najjar et al. 1998). This process is dependent on basal phosphorylation
of CEACAM1-L on Ser503 by an unidentified cAMP-dependent kinase
(Najjar et al. 1995). Two functionally distinct domains in the IR intracellular
portion promote the phosphorylation of CEACAM1-L and its physical inter-
action with the receptor complex. Mutational analysis revealed that Tyr1316
in the C-terminal region of the b-chain of the IR is essential to promote
phosphorylation of CEACAM1-L on Tyr488 (Najjar et al. 1997). Phosphory-
lation of CEACAM1-L on this tyrosine mediates the interaction with another,
yet unidentified intracellular adapter that facilitates binding of the receptor-
endocytosis complex to adaptor protein 2 adaptin proteins in clathrin vesi-
cles and thus targets insulin for degradation (Najjar 2002; Fig. 6).
To initiate internalization, however, CEACAM1-L phosphorylation is re-

quired but not sufficient. Najjar et al. showed that phosphorylation on a
conserved tyrosine residue in the IR juxtamembrane domain is fundamental
in this process (Najjar et al. 1998). Transfection studies in heterologous sys-
tems confirmed that transfection with CEACAM1-L is sufficient to induce IR
internalization (Soni et al. 2000).
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CEACAM1-L downregulates the mitogenic effects of insulin by regulating
insulin clearance but also through the interaction with Shc, an adaptor mol-
ecule implicated in inhibition of cellular proliferation. For the interaction
with Shc, however, phosphorylation of CEACAM1-L by the IR is crucial
(Poy et al. 2002a).
The in vivo regulatory effects of CEACAM1-L on insulin clearance were

shown in a transgenic mouse model consisting of L-SACC1-transgenic mice
that express a mutant form of rat CEACAM1-L (Ser503Ala) which cannot be
phosphorylated on Ser503. The liver-targeted expression of this mutant un-
der the ApoAI lipoprotein promoter caused secondary insulin resistance
resulting from impaired insulin clearance by IR internalization in the
mice (Poy et al. 2002b). Moreover, the CEACAM1-L Ser503Ala mutant
exerts dominant-negative effects on the naturally expressed wildtype form
of CEACAM1-L, emphasizing the immediate impact of signal transduction
through CEACAM1-L in IR endocytosis and insulin clearance. The transgen-
ic animals develop visceral adiposity with elevated plasma free-fatty acids

Fig. 6. Proposed model of receptor-mediated insulin endocytosis in the rat. Activation of
the tyrosine kinase (TK) of the insulin receptor (IR) by insulin binding phosphorylates
the receptor at many sites, including Tyr960 (Y960) in the juxtamembrane domain (JM)
and Y1316 in the cytoplasmic portion (CT) of the b-subunit of the IR. Phosphorylation
of Y1316 regulates phosphorylation of CEACAM1-4L on Y488. This causes CEACAM1-4L
binding to an intracellular molecule (X1) which mediates its indirect interaction with
phosphorylated Y960 in the IR. Molecule Xi might function either alone or as a part of a
complex of proteins (Xn). CEACAM1-4L, through Y513 and/or the mediator proteins,
might then target the insulin endocytosis complex to AP2 adaptin proteins in clathrin
vesicles to target insulin for degradation. Reproduced from Najjar 2002 with permission
from Elsevier Science
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and plasma and hepatic triglyceride levels, resembling the phenotype of
type II diabetes.

5.3
CEACAMs Are Modulators of the Innate and Adaptive Immune Response

5.3.1
CEACAM1 Is a Positive Regulator of Neutrophil Effector Function

CEA family members expressed on neutrophilic granulocytes include
CEACAM1-L (CD66a), CEACAM3 (CD66d), CEACAM6 (CD66c), and
CEACAM8 (CD66b). CEACAM1-L was initially described as a phosphopro-
tein with a relative molecular weight of 160 kDa on human neutrophilic
granulocytes with crossreactive antibodies recognizing various members of
the CD66 cluster of differentiation antigens (Skubitz et al. 1992). Its identity
as CEACAM1 or CD66a could be revealed after a more detailed study by
Wagener
s group using monoclonal antibodies directed against CEA family
members on human neutrophils (Drzeniek et al. 1991; Stoffel et al. 1993).
CEACAM1 is an activation antigen that is upregulated rapidly from intracel-
lular storage components after stimulation (Watt et al. 1991; Kuroki et al.
1995). In neutrophil development, CEACAM1 is expressed from the myelo-
cyte stage and maintained throughout neutrophil differentiation (Elghetany
2002). It is detected in low levels on resting cells, but its expression is rapid-
ly upregulated after stimulation with chemotactic peptides such as formyl-
methionyl-leucyl-phenylalanine (fMLP), or calcium ionophores and phorbol
esters (Skubitz et al. 1992). Upregulation of CEACAM1 in inflammatory dis-
ease has also been reported (Honig et al. 1999).
Upon neutrophil activation, CEACAM1-L becomes tyrosine phosphory-

lated and binds to protein kinases such as hck, lyn, and src (Br�mmer et al.
1995; Skubitz et al. 1995). After phosphorylation, enhanced association of
these kinases with the cytoskeletal components of neutrophils can be ob-
served. Ligation of CEACAM1-L with monoclonal antibodies or F(ab0)2 frag-
ments leads to upregulation of b2 integrin (CD11b/CD18) expression and ac-
tivation, production of cytotoxic oxygen species, downregulation of L-selec-
tin, and increase of neutrophil adhesion to endothelial cells and fibrinogen
and fibronectin (Stocks et al. 1995; Skubitz et al. 1996; Stocks et al. 1996;
Klein 1996; Ruchaud-Sparagano et al. 1997; Nair and Zingde 2001). Homo-
typic adhesion of neutrophils to HUVECs (human umbilical vein endothelial
cells) and subsequent activation of integrins can be enhanced by synthetic
peptides containing sequences of the N-terminal domain of CEACAM1-L
(Skubitz et al. 2001). Since CEACAM1-L is also expressed on activated
HUVECs, homotypic adhesion via CEACAM1-L could further enhance adhe-
sion to endothelia and trigger signal transduction pathways that may modu-
late integrin-binding activity.
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On human neutrophils, CEACAM1 is the main carrier of complex oligo-
saccharides, such as type I and type II lactosaminoglycan chains. Since it is
the main carrier of Lewisx and sialyl-Lewisx-epitopes on human granulo-
cytes, CEACAM1 has been suggested as a lectin receptor for cellular lectins,
such as vascular selectins. Lectin–glycoconjugate interactions initiate tether-
ing of lymphocytes and granulocytes to the vascular surface, allowing sub-
sequent firm adhesion and facilitating extravasation into inflamed tissues at
sites of bacterial assault (McEver 2002). Furthermore, CEACAM1 is a recep-
tor for the soluble mammalian lectin galectin-3 that mediates protein bind-
ing to extracellular matrix components (Stocks et al. 1990; Stocks and Kerr
1993; Ochieng et al. 1998; Feuk-Lagerstedt et al. 1999; Fig. 7).

Fig. 7. Involvement of CEACAMs in the regulation of tissue colonization and infection by
microbes through protein–carbohydrate and protein–protein interactions, as shown rep-
resentatively for type 1-fimbriated E. coli and Opa+ gonococci. Carbohydrate moieties
displayed by CEACAMs might be key players in fine-tuning interactions between individ-
ual CEACAMs or CEACAMs and their physiological ligands. CEACAM1 and CEACAM3
signal transduction capacities upon microbe binding are exemplified for neutrophilic
granulocytes; please note that signal transduction conveyed by CEACAMs through spe-
cific signal transduction adaptor molecules such as src family kinases or GTPases of the
Rho family also accounts for epithelia and endothelia. Gal-3, galectin-3; Lex, Lewisx; sLex,
sialyl Lewisx; OPA, opacity protein
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5.3.2
CEACAM1 Regulates T and B Lymphocyte Function

CEACAM1-L is expressed on human and murine T and B lymphocytes, den-
dritic cells, and natural killer (NK) cells (Khan et al. 1993; M�ller et al. 1996;
Kammerer et al. 2001; Boulton and Gray-Owen 2002). CEACAM1-L is the
only member of the CEA family with a cytoplasmic domain that has been
characterized on B and T lymphocytes (Singer et al. 2002). On NK cells and
T lymphocytes, CEACAM1 expression is inducible after stimulation, where-
as B lymphocytes express CEACAM1 constitutively. In primary mouse B
lymphocytes, CEACAM1 displays a distinct isoform expression pattern
in resting and activated B cells: in concert with surface IgM-crosslinking,
CEACAM-L triggers B cell proliferation, Ig secretion and b2 integrin-mediat-
ed homotypic adhesion (Greicius et al. 2003). In resting Tcells, CEACAM1 is
present in intracellular stores and only in very low abundance on the cell
surface; but as an activation antigen, it is rapidly upregulated after ligation
of the TCR/CD3 complex or stimulation with interleukin (IL)-2 (M�ller et al.
1996; Kammerer et al. 1998). Dendritic cells express both CEACAM1-S and
CEACAM1-L. Two splice variants of CEACAM1 are expressed on human T
lymphocytes—CEACAM1-3L and CEACAM1-4L—that are glycosylated in a
lymphocyte-specific manner (Kammerer et al. 1998). The mechanism for
CEACAM1 release from intracellular compartments might be analogous to
that revealed for CTLA4, a coinhibitory receptor that is also retained in the
cytoplasm but becomes rapidly translocated to the cell surface upon T cell
activation and tyrosine phosphorylation of its cytoplasmic domain. Reten-
tion of CTLA4 in the cytoplasm is regulated by complex formation with
adaptor protein 1, also called AP47. AP47 regulates the sorting of transmem-
brane proteins between the trans-Golgi network and the endosomal com-
partment. Tyrosine phosphorylation is not compatible with AP47-complex
formation. Interestingly, Blumberg et al. showed that CEACAM1-L in murine
T cells can bind SHP-1 and AP47 in its phosphorylated and dephosphorylat-
ed state, respectively (Nakajima et al. 2002). Once exposed on the cell sur-
face, CEACAM1-L ligation by monoclonal antibodies or F(ab) fragments
stimulates IL secretion by intestinal T lymphocytes (IL-7 and IL-15) and re-
lease of specific chemokines and interleukins by dendritic cells, such as
macrophage inflammatory protein 1a, and ~2, monocyte chemoattractant
protein 1, and IL-6 and IL-12 (Donda et al. 2000; Kammerer et al. 2001). In
addition, CEACAM1-L-induced signaling increases the surface expression of
costimulatory molecules (CD40, CD54, CD80, CD86), indicating a regulatory
role for CEACAM1 in dendritic cell maturation and activation (Kammerer et
al. 2001). The release of these cytokines leads to priming of na�ve MHCII-re-
stricted CD4+ Tcells with a T helper 1 effector phenotype, favoring a humor-
al immune response (Kammerer et al. 2001). In intestinal T lymphocytes,
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cellular activation through CEACAM1-L induces an increase of nuclear fac-
tor (NF)-kB- and AP1-mediated transcription (Donda et al. 2000).
Contradictory to these positive regulatory effects on T cell function,

CEACAM1-L can also act as a negative regulator of T cell responses. The
above-mentioned reports describe regulatory influences of CEACAM1-L on
the immune response as effects of either ligation of CEACAM1-L by specific
antibodies or as secondary effects after stimulation with interleukins and
chemokines or activation of the TCR/CD3 complex. However, a direct func-
tion for CEACAM1-L as a coinhibitory receptor on T lymphocytes was
shown by Gray-Owen
s group: The authors revealed that neisserial binding
or binding of the neisserial Opa52 protein to its receptor CEACAM1-4L (see
below) can arrest the activation and proliferation of CD4+ T lymphocytes
while the expression of the T cell activation marker CD69 is suppressed. Li-
gation of CEACAM1-L alone was shown to be sufficient for the suppression
of CD4+ T cell activation, an effect that could be enhanced after co-ligation
of the ITAM-containing CD3� chain. Furthermore, engagement of Neisseria
with their receptor induces binding of the phosphatases SHP-1 and SHP-2 to
the ITIM in the CEACAM1-L cytoplasmic domain. The reduction of T cell
proliferation is a result of specific arrest in cell division and was not mediat-
ed through bacterial cytotoxicity (Bradbury 2002; Boulton and Gray-Owen
2002; Normark et al. 2002). Similarly, CEACAM1-L ligation with monoclonal
antibodies can mediate negative regulation in T lymphocytes that results in
inhibition of the delayed type hypersensitivity (DTH) reaction in early phas-
es of T cell priming (Nakajima et al. 2002). Furthermore, CEACAM1-L liga-
tion leads to downregulation of the cytolytic function of small intestinal
intraepithelial lymphocytes (CD8ab+/TCRab+/CD28) and inhibits their
CD3-directed and lymphokine–activated killer activity (Morales et al. 1999)

5.3.3
CEACAM1 Is a Novel Co-inhibitory Receptor on Human Natural Killer Cells

NK cells, such as neutrophils, belong to the innate immune defense and act
by killing virus-infected or tumor cells in a MHC-I-dependent fashion. Their
cytotoxicity is regulated by inhibitory, class I MHC-recognizing receptors
that contain ITIM motifs in their cytosolic tail such as C-type lectins (CD94/
NKG2A), killer Ig-related receptors, and the leukocyte Ig-like receptor.
Among NK-specific receptors (NCRs), CD16 is implicated in mediating di-
rect natural NK cell cytotoxicity (Long 1999; Mandelboim et al. 1999).
Natural killer cells that are freshly isolated express very low amounts of

CEACAM1-L. However, CEACAM1-L-expression can be induced upon stim-
ulation (M�ller et al. 1996). CEACAM1-L is expressed on a subpopulation of
activated human NK cells that are negative for CD16 (CD16�) but positive
for CD56 (CD56+). Homotypic adhesion of CEACAM1-L on CD16�/CD56+

NK cells leads to inhibition of NK cell-mediated cytotoxicity in a novel
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MHC-I-independent mechanism on a MHC-I-deficient melanoma cell line
(Markel et al. 2002a). The degree of inhibition of CEACAM1-L on NK cyto-
toxicity correlates with the amount of CEACAM1-L expressed on the cell
surface of target and effector cells. This leads to suppression of the adaptive
and innate immune response to the tumor and provides a mechanism for
tumoral evasion from immune surveillance. Recently, it was discovered that
patients suffering from transporter associated with antigen processing 2
(TAP2) deficiency express unusually high levels of KIRs and CEACAM1, and
that CEACAM1 exerts killer inhibitory function on these NK cells. This com-
pensatory mechanism for class I MHC-dependent abrogation of killer activi-
ty leads to the inhibition of killing of tumor and autologous cells (Markel et
al. 2003). Another situation that requires tight regulation of NK cell activity
and suppression of their killer function is the invasion of the uterine endo-
metrium by the extravillous trophoblast (Moffett-King 2002). CD16�/CD56+

NK cells constitute about 40% of decidual cells that upregulate CEACAM1-L
expression upon stimulation with IL-2. Mandelboim
s group showed that
CEACAM1-L has a strong impact on the regulation of the local decidual im-
mune response: CEACAM1-L-mediated homotypic interactions inhibit lysis,
proliferation, and cytokine secretion of activated decidual NK, T, and NKT
cells (CD3+/CD56+; Markel et al. 2002b). This allows maternal allorecogni-
tion of the fetus by uterine natural killer cells and invasion of the fetal ex-
travillous trophoblast without challenging a cytotoxic immune reaction.

5.4
CEACAMs Are Receptors for Microbes and Viruses

5.4.1
CEACAMs Are Receptors for Salmonellae and Escherichia coli

CEACAM1, CEA, and CEACAM6 display high-mannose residues that are tar-
geted by mannose-specific microbial lectins such as type 1 fimbriae of E.
coli and Salmonella typhimurium. Type 1 fimbriae contain a lectin that
specifically binds to terminally reducing a-mannosyl moieties (Mana1–
3Man) present on glycans on cell surface receptors (Eshdat 1978).
Type 1 fimbriae bind to CEACAM1, CEA, and CEACAM6 on human intes-

tinal epithelia and CEACAM1 and CEACAM6 on human neutrophilic granu-
locytes in vitro and in vivo in a mannose-dependent manner (Leusch et
al. 1990, 1991a,b; Sauter et al. 1991; A.K. Horst, C. Wagener, unpublished
data). Interestingly, the high-mannose glycan epitope for fimbrial binding to
CEACAM1 and CEACAM6 seem to reside in different domains of these mo-
lecules. By mutational and biochemical analysis, Wagener
s group demon-
strated that CEACAM6 contains high-mannose moieties within its N-termi-
nal domain. In contrast to this, high-mannose residues on CEACAM1 from
human granulocytes are located within its membrane-proximal A2 domain
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(Mahrenholz et al. 1993). On human granulocytes, CEACAM1 is the only
member of the CEA family that contains an A2 domain, and mannose moi-
eties within its N-terminal variable-like domain have not been demonstrated
so far.
Activation of granulocytes is an important mechanism of the first-line de-

fense: Binding of fimbriated bacteria triggers degranulation, production of
cytotoxic oxygen species, activation of protein kinase C, and phospholipids
turnover and bacterial uptake by lectinophagocytosis (Bar-Shavit et al. 1977;
Sharon 1987; Gbarah et al. 1989). Furthermore, binding of fimbriated bacte-
ria to intestinal epithelia is an essential function of CEACAMs in the regula-
tion of the colonization of the commensal flora (Hammarstr�m and Baranov
2001; Fig. 7).

5.4.2
CEACAMs Are Receptors for Neisseria

Initial attachment of gonococci to mucosal epithelia and neutrophils is me-
diated by bacterial pili (McGee et al. 1983). A firm secondary adhesion with
subsequent ingestion and penetration into phagocytes or subepithelial lay-
ers, however, requires the expression of specific outer membrane proteins,
the colony-associated Opa (opacity) proteins. Opa proteins trigger efficient
opsonin-independent uptake of gonococci into phagocytic and non-phago-
cytic cells. Expression of gonococcal Opa proteins is phase variable (Stern et
al. 1986; Meyer and van Putten 1989). Differential tropism of gonococci is
determined by the expression of specific Opa variants (Kupsch et al. 1993).
So far, two distinct classes of Opa proteins have been identified based on dif-
ferential binding activity to their cellular receptors. The first class (Opa50-
variants) binds to heparin sulfate proteoglycan-containing syndecan recep-
tors (Chen et al. 1995), vitronectin, and fibronectin (Dehio et al. 1998). The
second class of specific Opa-determinants (Opa52) targets CEACAMs. Heter-
ologous transfection studies with CEACAM cDNAs revealed that meningo-
coccal virulence-associated Opa-proteins, which are expressed by more than
95% of clinical and mucosal isolates of meningococci and gonococci, bind
the N-terminal domain of CEACAM1-L. Additionally, meningococcal strains
expressing capsule and sialylated lipopolysaccharide are also capable of
binding to CEACAM1-L (Virji 1996). Besides CEACAM1-L, CEACAM3-L,
CEA, and CEACAM6 are targeted by Opa proteins of Neisseria. However,
different Opa variants display overlapping binding specificities for
CEACAMs—some bind to CEACAM1, CEACAM3, CEA, and CEACAM6,
whereas the binding of others is restricted to both CEACAM1 and CEA or
CEA alone (Chen et al. 1997; Gray-Owen et al. 1997a,b; Bos et al. 1998). In
contrast to these findings, Virji et al. demonstrated that CEACAM6 was not
bound by certain Opa variants of different neisserial strains. The binding
epitope within the N-terminal domain that is targeted by Neisseria is con-
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fined to b-strand C in the non-glycosylated GFC face (cf. Fig. 8). Further
studies revealed that differential tropism is mediated by a heterologous trip-
let of amino acids within this region (Popp et al. 1999).
Binding of Opa52+ gonococci to CEACAM1-L provokes the respiratory

burst in phagocytes and triggers tyrosine phosphorylation involved in
CEACAM-mediated activation of the src-kinases Hck and Fgr (Hauck et al.
2000) and rapid activation of acid sphingomyelinase (Hauck et al. 2000).
Acid sphingomyelinase activity is not only crucial for the activation of src-
like kinases, but also for the small GTPase Rac1 (Grassme et al. 1997) and
bacterial ingestion (Hauck 1998). Rac1 activates the stress-activated protein
kinase pathway through PAK1 (p21-activated protein kinase) and JNK
(Jun-N-terminal kinase; Hauck 1998; Fig. 7). Activation of src-like kinases
and Rac1 drive cytoskeletal rearrangements that promote bacterial phagocy-
tosis. This pathway is distinct from the opsonin-dependent Fcg receptor-me-
diated signaling, since it does not involve Syk activation and is specific for
Opa52+ gonococci. Furthermore, the level of phosphorylation of the phos-

Fig. 8. Structural comparison of the immunoglobulin fold of the N-terminal domains of
different members of the Ig superfamily which serve as receptors for various pathogens:
soluble murine CEACAM1a, the receptor for murine coronavirus MHV; ICAM-1, the re-
ceptor for the major group of rhinoviruses; CD4, the primary receptor for HIV (human
immunodeficiency virus); and CD46, the receptor for measles virus. The key virus bind-
ing residues are highlighted in red. Superposition (right) of the D1 domain of soluble
murine CEACAM1a[1,4] (cyan), CD2 (blue), CD4 (brown) and REI (green). The unique
convoluted conformation of the CC0 loop in soluble murine CEACAM1a[1,4] is striking.
The sequence alignment of the CC0 loop regions of these four molecules are shown (bot-
ed from Tan et al. 2002 with permission)
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photyrosine phosphatase SHP-1 and thus its activity is modulated by Opa-
induced events. Increased tyrosine phosphorylation of SHP-1 by src-like ki-
nases results in downregulation of its activity, thus reducing inhibitory path-
ways that might interfere with the bacterial uptake (Hauck 1998; Hauck et al.
1999). Neisserial binding to epithelia and endothelia triggers upregulation of
CEACAM1 through inflammatory cytokines, such as tumor necrosis factor
(TNF)-a, and through NF-kB-activated transcription (Muenzner et al. 2001,
2002). By this mechanism, Neisseria induce signal transduction pathways
that allow efficient colonization of host tissue and encourage bacterial en-
gulfment and transcellular passage.
The mechanism underlying CEACAM3-L-mediated uptake of Neisseria

seems to employ different mechanisms when compared to CEACAM1-L: Bac-
terial uptake and intracellular survival was discovered to be associated with
PI3 K (phosphatidylinsositiol-3-kinase) activity (Booth et al. 2003). In con-
trast to CEACAM1-L, CEACAM3-L induces IP3 (phosphatidyl-inositol(3,4,5)
trisphosphate) accumulation at sites of bacterial internalization. Further-
more, downstream products of the PI3 K pathway, such as phosphatidylinosi-
tol 3-phosphate, seem to be involved in the regulation of bacterial survival,
due to their requirement for phagosomal maturation (Booth et al. 2003).
CEACAM3 is expressed in granulocytes only and may support innate host
defense. Though CEACAM3-L shares a high homology with CEACAM1-L,
the CEACAM3-L cytoplasmic domain contains an ITAM instead of an ITIM
that binds tyrosine kinases of the src-family and the calprotectin complex,
and supports bacterial engulfment in a phosphotyrosine-dependent manner
(Chen 2001; Streichert et al. 2001; McCaw et al. 2003).

5.4.3
CEACAMs Are Receptors for Haemophilus Influenzae

CEACAMs are also targeted by numerous strains of capsulate (typable) and
acapsulate (non-typable) Haemophilus influenzae. Like gonococci, Haemo-
philus binds to CEACAMs through a variable outer membrane protein, the
P5 protein, and interacts primarily with the N-terminal domain of CEA-
CAMs. However, several strains seem to require more than the presence of
the N-terminal domain for efficient binding of soluble CEACAMs, such as
additional A or B domains (Virji et al. 2000). Non-adherent strains can re-
constitute their ability to bind both to purified CEACAM1 and CEACAM1-
transfected cells (CHO cells, Chinese hamster ovary cells) after transforma-
tion with the P5 protein. In contrast to the adhesin P5, Haemophilus ex-
presses additional ligands that might target CEACAM1 on cell surfaces (Hill
et al. 2001). Strikingly, site-directed mutagenesis with substitution of the
surface-exposed amino acids revealed that the binding epitope for diverse
Haemophilus influenzae strains lies within the same exposed region of the
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CFG face that also harbors the sequence targeted by Neisseria (Bos et al.
1999; Virji et al. 1999; Fig. 8).

5.4.4
CEACAMs Are Receptors for Murine Hepatitis Virus

Murine hepatitis virus (MHV) strain A59 belongs to the enveloped positive-
stranded RNA viruses in the coronaviridae family in the order nidovirales.
Murine hepatitis viruses cause respiratory and enteric infections, hepatitis
immune dysfunction, acute encephalitis, splenolysis, and chronic demyelin-
ating disease (Compton et al. 1993). CEACAM1 was identified as a receptor
for the murine hepatitis virus by Williams et al., and the cDNA was cloned
by Holmes
 group (Williams et al. 1990, 1991; Dveksler et al. 1991). In
contrast to humans, mice express two allelic variants of the Ceacam1-gene,
Ceacam1a and Ceacam1b, which each give rise to four distinct isoforms
emerging from differential splicing. These isoforms consist of two or four
extracellular domains and a long or short cytoplasmic tail (73 or 10 amino
acids, respectively). All four murine CEACAM1a proteins and CEACAM2,
consisting of the N-terminal domain and the A2 domain, are receptors for
murine hepatitis virus strain A59 when recombinant proteins are expressed
in a heterologous system (Baby Hamster Kidney cells; Nedellec et al. 1994).
CEACAM1a is a high-affinity receptor for the 180-kDa viral spike glycopro-
tein of the murine hepatitis virus. Human HV seems to utilize a different re-
ceptor when compared to murine HV (Gagneten et al. 1996).
Most inbred laboratory mouse strains are susceptible to MHV infection

and are homozygous for the CEACAM1a allele. However, mice homozygous
for the CEACAM1b allelic variant display weaker MHV-A59 binding activity
and are MHV resistant, such as SJL/J mice. To date, CEACAM1a proteins
(including their splice variants) are the only receptors for MHV (Dveksler et
al. 1993a). As shown in heterologous transfection studies, high levels of
CEACAM2 expression also induce susceptibility towards MHV, although
CEACAM2 displays a significantly lower affinity for the virus when com-
pared to the CEACAM1a proteins (Nedellec et al. 1994). The differential ex-
pression of the CEACAM1-isoforms in different mouse tissues may explain
the tissue tropism of different MHV strains. The target epitope for the viral
spike protein resides within the N-terminal domain of CEACAM1, and gly-
cosylation of the three potential N-linked glycosylation sites is not required
for viral binding (Dveksler et al. 1995). Efficient binding, however, requires
a CEACAM1 protein that contains more Ig domains than just the N-terminal
domain (Dveksler et al. 1993b). In a partial mouse knockout system (p/p
mice), targeted disruption of the murine Ceacam1 gene leads to a marked
reduction of susceptibility towards MHV (Blau et al. 2001). The p/p mice do
indeed get infected by the MHVA59 virus, but interestingly, the liver pro-

CEA-Related CAMs 317



duces only small foci compared to those observed in the wildtype mice, and
these foci disappear 5 days post-infection.
In comparison to other members of the Ig superfamily, CEACAMs ex-

hibit unique structural features which determine their distinctive homophil-
ic and heterophilic adhesion properties (Fig. 8). This was demonstrated by
Holmes
 group in the analysis of the crystal structure of soluble murine
CEACAM1a[1,4]: Superposition of the CEACAM1 N-terminal domain on the
variable-like domain of other representative members of the IgSF, CD2,
CD4, and the REI protein, reveals a protruding loop interconnecting the
b-strands C and C0 of CEACAM1-L that folds back onto the CFG face of the
ABED b-sheet. The corresponding region in the REI protein, a typical vari-
able domain of an antibody, however, depicts a hairpin-like structure (Tan
et al. 2002; Fig. 8).
Comparison of the CEACAM1 N-terminal domain to the N-terminal do-

mains of other virus receptors, like ICAM-I (intercellular cell adhesion mol-
ecule-I; CD54), a rhinovirus receptor, CD4, the primary receptor for HIV
(human immunodeficiency virus), and CD46, the receptor for measles virus,
reveals common structural features such as exposed hydrophobic residues
(highlighted in red, left side of Fig. 8) that are crucial for viral binding and
determine viral tropism (Wang and Springer 1998). In the CEACAM1 CC0

loop, an Ile (Ile41) becomes exposed, which is a highly conserved residue in
human and rodent CEACAMs. This Ile lies within a peptide sequence that
has been defined by mutational analysis as the target for MHV binding.
Transferring the structural data obtained from murine CEACAM1 to human
CEACAM1, it is possible to assume that the N-terminal domain of human
CEACAM1 and other CEACAMs exhibit very similar structural properties,
and that the CC0 loop also acquires a convoluted conformation (Tan et al.
2002). The importance of this conformational epitope also becomes evident
in the context of neisserial interaction with CEACAMs, as well. The binding
area on CEACAM1 and CEA targeted by Neisseria is constituted by amino
acid residues on strand C, the CC0 loop and strand F. Conserved amino acids
within this region are responsible for stabilizing the convoluted conforma-
tion of the CC0 loop (Fig. 8). Mutational analysis targeting these amino acids
leads to abrogation of neisserial binding (Virji et al. 1999). In a different ap-
proach studying neutrophil adhesion to HUVECs, synthetic peptides con-
taining amino acid sequences within the CC0 loop and turns between the
b-sheets were found to trigger neutrophil adhesion through b2 integrin acti-
vation to HUVECs (Skubitz et al. 2000; Skubitz et al. 2001). These data em-
phasize that homophilic adhesion processes mediated by CEACAM1 or
binding to other or yet unidentified ligands in trans mediate CEACAM-func-
tions in vivo.
Moreover, homophilic interactions between CEACAMs is mediated by in-

teractions of the CC0 loop and the FG loops in the N-terminal domain. Inter-
estingly, the ABED sheet is much more conserved in CEACAMs than the
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CFG face, though the N-terminal domains of CEACAMs exhibit 70%–90%
amino acid sequence identity. This might explain their selective binding
properties and allows a certain flexibility for the interaction with different
family members.

5.5
CEACAM1 Modulates Angiogenesis

5.5.1
CEACAM1 Is an Angiogenic Growth Factor

Angiogenesis, the sprouting outgrowth of blood vessels from pre-existing
ones, is initiated by the angiogenic switch, a cascade triggered by a tip in
the balance of pro-angiogenic and anti-angiogenic factors (Hanahan and
Folkman 1996). Major regulatory stages in angiogenesis involve (1) the acti-
vation of endothelial cells by soluble growth factors that bind to their cog-
nate receptor tyrosine kinases (Folkman 1996), (2) the initiation of endothe-
lial cell migration and cellular interaction with extracellular matrix compo-
nents, and (3) cellular proliferation and differentiation into endothelial
tubes. Major growth factor families involved in angiogenesis are the vascular
endothelial growth factor (VEGF)-receptor family, the tie-receptor family
binding to angiopoietins, and the ephrins. Angiogenesis is initiated by sig-
naling through one or several of these receptors either alone or in concert
with adhesion molecules that are activated upon growth factor receptor sig-
naling (Byzova et al. 2000; Carlson et al. 2001). In later stages of angiogene-
sis, however, adhesion molecules, i.e., immunoglobulins and integrins, are
the major instruments orchestrating angiogenesis-related events such as cel-
lular migration and the establishment of a vascular network on the basis of
cellular adhesion and interaction with the extracellular matrix (Carmeliet
and Jain 2000; Conway et al. 2001).
CEACAM1 is the only member of the CEA family with a cytoplasmic tail

expressed on endothelia. Apart from CEACAM1, CEA is also expressed on
endothelia (Majuri et al. 1994). Recently, CEACAM1 has been identified as an
angiogenic growth factor (Erg�n et al. 2000). In addition to growth factor re-
ceptors and their ligands, vascular adhesion molecules such as platelet/endo-
thelial cell adhesion molecule (PECAM)1 (CD31) and the integrin aVb3 also
contribute to angiogenesis by triggering endothelial cell migration and medi-
ating cell–cell and cell–extracellular matrix interactions (Ferrero et al. 1995;
Varner et al. 1995). In this context, it is noteworthy that CEACAM1-4L inter-
acts with integrin aVb3 in human endothelial and epithelial cells (Br�mmer
et al. 2001). The first indication that CEACAM1 is involved in angiogenesis
emerged from the findings that it is expressed on microvessels of proliferat-
ing tissue, such as microvessels in the developing central nervous system of
the rat (Sawa et al. 1994) and in wound healing edges in granuloma tissue.
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Furthermore, blood vessels on the fetal-maternal interface, i.e., in the decidua
and the placenta, display CEACAM1 expression (Daniels et al. 1996; Prall et
al. 1996; Bamberger et al. 2001). In the adult, CEACAM1 can be detected ex-
clusively in small blood vessels, and no expression is found on mature, large
blood vessels. In contrast to the distinct expression pattern in the human vas-
culature, CEACAM1 is expressed on the majority of large and small blood
vessels in the mouse (A. Horst, N. Beauchemin, and C. Wagener, unpublished
data). In human tumors, CEACAM1 is present in vessels of renal cell carcino-
ma, carcinomas of the urinary bladder and prostate, and Leydig cell tumors
(Erg�n et al. 2000).
CEACAM1 is present on capillary-like structures formed by endothelial

progenitor cells when transplanted together with tumor cells into severe
combined immunodeficiency (SCID) mice (Gehling et al. 2000). Purified na-
tive and recombinant CEACAM1 stimulates proliferation, chemotaxis, and
tube formation of human microvascular endothelial cells and induces angio-
genesis in the chorioallantois membrane (CAM) of the chicken. The angio-
genic effects initiated by CEACAM1 were found to be additive in combina-
tion with VEGF or basic (b)FGF. Furthermore, stimulation of human dermal
microvascular endothelial cells with VEGF and bFGF leads to induction of
CEACAM1 expression, suggesting the existence of a functional link in a
common signaling pathway (Erg�n et al. 2000). As shown for the IR and the
EGF receptor, CEACAM1 does act as a substrate for receptor tyrosine kinas-
es (Phillips et al. 1987). The molecular link between vascular growth factor
receptor signaling pathways and CEACAM1, however, still needs to be eluci-
dated.
The fact that CEACAM1 is a major carrier of sialyl Lewisx and Lewisx resi-

dues on granulocytes suggests that CEACAM1 could function as a ligand for
E-selectin (Kerr and Stocks 1992; Stocks and Kerr 1993; Sanders and Kerr
1999). Under physiological conditions, sialyl Lewisx and Lewisx-carrying
glycoproteins support intercellular adhesion of endothelial cells (see also
Fig. 7).
In summary, CEACAM1 exerts distinct functions in different stages of an-

giogenesis: during early stages, in its soluble form, it acts a chemoattractant,
and its expression is upregulated in response to angiogenic stimuli (Erg�n et
al. 2000). Cleavage of cell-bound growth factor receptors and adhesion mole-
cules has been described in the context of the regulation of their bioavailabil-
ity and ligand-binding activities (Hornig et al. 2000; Carmeliet et al. 2001). In
later stages of angiogenesis, as the nascent vasculature is stabilized, adhesion
molecules are important tools for the recruitment of accessory cells, such as
pericytes and the establishment of cell–cell junctions. CEACAM1 shares cer-
tain functional features with CD31 and junctional cell adhesion molecules
(JAMs) that have been reported to support the organization of cell–cell junc-
tions by homophilic interactions. These molecules do not only regulate vessel
permeability and endothelial cell–cell interactions but also participate in cel-
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lular communication during neutrophil transmigration (Ferrero et al. 1995;
Dejana et al. 2001). Additionally, CEACAM1 may facilitate the establishment
of endothelial cell–cell contacts through binding of E-selectin and participate
in the recruitment of accessory cells. By organizing cellular adhesion,
CEACAM1 has been shown to promote tube formation in human endothelial
cells and the lumen formation of epithelial cells in an extracellular matrix,
providing evidence that it is indeed a key player in organizing luminal tissue
architecture and regulating cellular differentiation (Huang et al. 1998; Kirshn-
er et al. 2003a).

5.5.2
CEACAM1 Induces Secretion of Angiostatic Factors
in CEACAM1-Transfected Prostate Carcinoma Cells

Unexpectedly, it was discovered that adenovirus-mediated CEACAM1-L ex-
pression in prostate cancer cells triggered the synthesis of a yet unidentified
soluble angiostatic factor (Volpert et al. 2002). This study had originally been
designed to further investigate the inhibitory effects of CEACAM1-L on pros-
tate cancer cell growth. It was hypothesized that the tumor-suppressive ef-
fects of CEACAM1-L on prostate cancer cells is a result of the inhibition of
tumor angiogenesis and that secretion of an angiostatic factor is specifically
induced by re-expression of CEACAM1-L in these cells. Cell culture medium
conditioned by wildtype adenovirus-CEACAM1-L-infected prostate carcino-
ma cells inhibited human endothelial cell migration and corneal neovascular-
ization in vivo as well as an increase of endothelial cells. This effect could not
be produced with media conditioned by a CEACAM1-L mutant (Ser503Ala)
that is also incapable of conferring tumor-suppressive effects or endothelial
cell apoptosis (Volpert et al. 2002).
In contrast to the above-mentioned model systems, purified or soluble

CEACAM1-L per se has not been tested with regard to its angiogenic proper-
ties. Furthermore, it has not been mentioned whether CEACAM1 expression
by endothelial cells co-cultured with the transfected prostate carcinoma cells
was reduced or if secretion of soluble CEACAM1 by the endothelial cells was
impaired. These two different approaches, however, provide important clues
on how CEACAM1 can affect angiogenesis with respect to endothelial cell
outgrowth and differentiation but also how changes in CEACAM1 expres-
sion during tumor progression in certain epithelia influence angiogenic
events.
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6
Perspectives

CEACAM1 is the most ancestral member of the CEA gene family. Expression
of CEACAMs starts early during embryogenesis, and is maintained through-
out life. CEACAMs are fundamental for establishing and maintaining tissue
architecture. Although CEACAMs function as cellular adhesion molecules,
they are not static, but rather involved in a great variety of dynamic process-
es, such as growth factor signaling, regulation of immune responses, and tu-
mor cell growth suppression, as well as promotion of invasion. The signal
transduction properties of CEACAM1 and its effects on cellular proliferation
and differentiation are determined by its engagement in cellular adhesion
and the expression level of different isoforms (�brink et al. 2002). As a
signaling molecule, CEACAM1 displays dual functions that are exploited
differently in different cellular contexts. On neutrophilic granulocytes,
CEACAM1-L acts as a positive stimulator inducing activation and adhesion
of neutrophils to endothelial cells through b2 integrins, and it mediates op-
sonin-independent phagocytosis. An example for a negative regulatory ef-
fect through CEACAM1-L signal transduction can be observed after neisser-
ial binding to CEACAM1-L on T lymphocytes and results in arrest of T cell
proliferation (Boulton and Gray-Owen 2002). As reported by Mandelboim
s
group, CEACAM1-L expression on melanoma cells provides a mechanism
for tumor cells to evade immune surveillance by downregulation of NK cell
responses through homophilic interactions mediated by CEACAM1-L in
trans (Markel et al. 2002a). It is worth noting that CEACAM1 is the only
member of the CEA family with a long cytoplasmic domain that is capable
of homophilic adhesion. Another important functional aspect of CEACAMs
is that expression of membrane-bound forms with a GPI-anchor is predomi-
nantly—but not exclusively—found on epithelia, whereas CEACAMs that
contain a long cytoplasmic domain and are capable of active signal trans-
duction are also expressed on a variety of motile and circulating cells, such
as lymphocytes, granulocytes, dendritic cells, or endothelial cells. Here, it is
striking that especially CEACAM1-L expression is subject to upregulation af-
ter cellular activation by cytokines, chemokines, microbial proteins, or
growth factors. However, it must not be neglected that other members of the
CEA family, like CEA, CEACAM6, as well as CEACAM1, respond to inflam-
matory cytokines on intestinal epithelial cells (Takahashi 1993).
CEA is an ubiquitous clinical marker with prognostic relevance in

the evaluation of various progressive malignant carcinomas. Its qualities as
a diagnostic clinical marker, target for anticancer vaccines, and its therapeu-
tic use has been reviewed elsewhere (Stanners 1998; Bunjes et al. 2001;
Berinstein 2002; Pagel et al. 2002). Recently, CEACAM1 expression on inva-
sive melanoma and adenocarcinoma of the lung was discovered as a novel
clinical marker of high prognostic significance that is directly correlated
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with patient survival (Laack et al. 2002; Thies et al. 2002). In a multivariate
analysis in lung cancer and melanoma patients, CEACAM1 was identified as
an independent marker of poor prognosis and risk of metastasis (Laack
et al. 2002; Thies et al. 2002; Sienel et al. 2003). In addition, the strongest
CEACAM1 expression in malignant melanoma is observed on the invading
front of the tumor. Its co-expression with b3 integrin provides evidence for
direct involvement of CEACAM1 in the regulation of invasive processes
(Br�mmer et al. 2001). In contrast to CEACAM1 upregulation in certain tu-
mors, CEACAM1 expression is markedly reduced or even lost during early
stages of tumor progression, such as in colonic carcinomas (Ilantzis et al.
1997; Nollau et al. 1997). In this case, tumor dissemination is encouraged by
dramatic changes in tissue architecture and intercellular adhesion. More-
over, CEACAMs express Lewis blood group antigens that are associated with
metastatic spread of primary tumors (Sanders and Kerr 1999). Besides
its upregulation on tumoral tissues in a membrane bound form, CEACAM1
serum levels are elevated in jaundice and chronic liver diseases (Lucka et
al. 1998; Draberova et al. 2000; Kondo et al. 2001). The effects of soluble
CEACAM splice variants on the regulation of homophilic and heterophilic
adhesion or their potential to act as soluble growth factors still need to be
defined. It has not been investigated, however, if CEACAMs of the CEA fam-
ily other than CEA and CEACAM6 are released from the cell membrane of
normal or tumor cells and whether putative soluble forms have any implica-
tion in the regulation of adhesion or malignant progression. Furthermore,
specific mutations associated with clinically relevant phenotypes have not
been described yet except for CEA: patients with primary tumors and excep-
tionally high serum levels of CEA display a mutated form of CEA that is as-
sociated with increased hepatic metastasis (Zimmer and Thomas 2001).
With the perspective of developing new gene therapies that revert the ma-

lignant phenotype of primary tumors, a preclinical trial for the treatment of
androgen-independent prostate cancer is currently under investigation. In
this approach, adenovirus-mediated gene transfer of CEACAM1-L cDNA
into PC-3 prostate carcinoma cells in a nude mouse xenograft model led to a
marked reduction of tumor cell growth (Kleinerman et al. 1995b). In addi-
tion, the combination of CEACAM1-L gene therapy and treatment with the
angiogenic inhibitor TNP-470 in this model resulted in enhanced suppres-
sion of tumor cell growth in vivo compared to restoration of CEACAM1-L
expression alone (Pu et al. 2002). This study provides a novel therapeutic
approach that takes advantage of the tumor suppressive effects of a cellular
adhesion molecule and anti-angiogenic agents. It provides evidence that
CEACAM1-L is a novel putative therapeutic agent for the treatment of malig-
nant tumors.
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