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Abstract: Four members of the carcinoembryonic antigen family,
CEACAM1, CEACAMS8, CEACAM6 and CEACAMS3, recognized by
CD66a, CD66b, CD66Cc and CD66d monoclonal antibodies (mAb),
respectively, are expressed on human neutrophils. CD66a,
CD66b, CD66¢c and CD66d mAb binding to neutrophils triggers
an activation signal that regulates the adhesive activity of
CD11/CD18, resulting in an increase in neutrophil adhesion to
human umbilical vein endothelial cells. Molecular modeling of
CEACAM1 using IgG and CD4 as models has been performed,
and three peptides from the N-terminal domain were found
to increase neutrophil adhesion to human umbilical vein
endothelial cell monolayers. The peptides were 14 amino

acids in length and were predicted to be present at loops and
turns between B-sheets. To better understand the amino acid
sequences critical for this biological activity, in the present
study we examined the other neutrophil CEACAMs and the
highly homologous CEACAM, CEA. Molecular modeling of the
N-terminal domains of human CEACAMS, -6, -3 and CEA was
performed. Twenty peptides, each 14 amino acids in length, that
were homologous to the previously reported peptides from the
N-domains of CEACAM1, were synthesized and tested for their
ability to alter neutrophil adhesion. Only one new peptide, from
the N-domain of CEA, was found to increase neutrophil
adhesion, and this peptide differed from the corresponding
CEACAM1 peptide by only a single conservative amino acid
substitution. Importantly, minor amino acid differences between
active and inactive homologous peptides suggest regions of
these peptides that are critical for biological activity. The data
suggest that the regions SMPF of peptide CD66a-1, QLFG of
peptide CD66a-2 and NRQIV of peptide CD66a-3 are critical for
the activities of these peptides, and for the native CEACAMs.
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Abbreviations: adhesion buffer, DMEM +5% HIFBS; BGP, biliary
glycoprotein; buffer B, PBS, pH 7.4, 0.2% BSA, 0.05% NaNs;
calcein labeling buffer, HBSS without Ca®* or Mg?* containing
0.02% BSA; CEA, carcinoembryonic antigen; endo wash buffer,
HBSS +4% HIFBS; FMLP, N-formyl-Met-Leu-Phe; HBSS, Hanks’
balanced salt solution; HIFBS, heat inactivated fetal bovine
serum; HUVECs, human umbilical vein endothelial cells; NMS,

normal mouse serum; PBS, phosphate-buffered saline, pH 7.4.

Carcinoembryonic antigen (CEA) family members appear
to play a role in a wide variety of normal and pathological
processes, including: cancer, embryonic development, bac-
terial infection, viral infection, inflammation, pregnancy
and cell adhesion (1—4). The CEACAM gene family belongs
to the immunoglobulin (Ig) gene superfamily (for review
see Refs 1,3-6). Structurally, each of the human CEACAMs
contains one N-terminal domain of 108-110 amino acid
residues, homologous to Ig variable domains, followed by
a differing number (0-6) of Ig C2-type constant-like domains.
The structure of the N-domain is predicted to be a stacked
pair of B-sheets with nine B-strands (7). CD66 mAbs react
with members of the CEACAM family (8-17). In CD termi-
nology, mAbs belonging to the CD66 cluster are classified
according to their reactivity with each family member,
as indicated by a lower case letter after ‘CD66’ as follows:
CD66a, CEACAM1 or biliary glycoprotein; CDé66D,
CEACAMS; CD66c, CEACAMS6;, CD66d, CEACAM3;
CDé66e, CEA; and CD66f, pregnancy-specific glycoprotein
(PSG) (6,13).

CEACAMs may function as adhesion molecules and
can also transmit signals. CEACAM1, CEACAM6 and CEA
are capable of homotypic and heterotypic adhesion,
whereas CEACAMS8 undergoes heterotypic adhesion with
CEACAMSG, as shown by use of recombinant CEACAM
proteins  (3,4,8-12,14-34). CEACAMi1, CEACAMS,
CEACAMG6 and CEACAM3, but not CEA, are expressed
on human neutrophils, where they are ‘activation antigens’
in that their surface expression is increased following
neutrophil activation by various stimuli. CD66a, CD66b,
CD66c and CD66d mADb binding to the neutrophil
surface trigger an activation signal that regulates the
adhesive activity of CD11/CD18, and increases neutrophil
adhesion to HUVECs (27-32,35). CEACAM1 is frequently
downregulated in carcinomas (36—40), and may function
as a tumor suppressor in some models of cancer (41-46).
CEACAMs are also important in bacterial infections, where
pathogenic Neisseria meningitidis and N. gonorrhea
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interact with CEACAMs via Opa proteins. The bind-
ing site for these Opa proteins has been localized to the
N-domains of CEACAMs (47-56). CEACAMa1 also functions
as a receptor for murine hepatitis virus (57-61).
by which CEACAMs
signals (e.g. activation in neutrophils, or growth regulating

The mechanism(s) transmit
signals in epithelial cells and carcinomas) are unclear.
However, CEACAMa1 is phosphorylated on its cytoplasmic
domain, largely on tyrosine with a lower level of phospho-
serine, in neutrophils and colon cancer cells (12,62-66).
In addition, associated protein tyrosine kinase and phos-
phatase activities may be involved in CEACAM signaling
(62,64,65).

Because of the adhesive and signaling properties of
CEACAMs described above, we sought to identify func-
tionally active domains of CEACAMs by use of synthetic
peptides. In a previous study, we identified active sites on
the extracellular domains of CEACAM1 by performing
molecular modeling using IgG and CD4 as models. Three
CEACAM1 peptides activated neutrophils, as determined
by increasing neutrophil adhesion to human umbilical vein
endothelial cell (HUVEC) monolayers and altering surface
expression of CD11/CD18 and CD62L (67). These three
peptides from the N-domain of CEACAM1 were 14 amino
acids in length and were predicted to represent regions
connecting B-sheets (67). It was concluded that at least
three peptide motifs from the N-terminal domain of
CEACAM1 are involved in the interaction of CEACAM1
with other ligands, and can initiate signal transduction
in neutrophils (67).

CEACAMS, CEACAM6 and CEACAM3 are also present
on neutrophils and can transmit activation signals in
neutrophils. CEACAM;, CEACAMS, CEACAMs,
CEACAM3 and CEA are variably expressed in different
tissues, undergo homotypic and/or heterotypic adhesion,
and are homologous to each other. We therefore sought
to identify other motifs of the N-domains of CEACAMS,
CEACAMS6, CEACAM3 and CEA that might have biological
activity. Molecular modeling was performed using IgG and
CD4 as models as was done with CEACAM1, and 32
peptides of 14 amino acids in length that were predicted to
contain regions connecting B-sheets were identified. Twenty
of these peptides that were nonidentical were synthesized
and tested for their ability to alter neutrophil activation.
Only one new peptide was found that activated neutrophils.
This peptide was present in CEA; although CEA is not
present on neutrophils it can bind to three of the neutrophil
CEACAMs. Some peptides that had only minor amino acid
differences from active peptides were inactive, suggesting



that the amino acid residues at these positions are critical to
biological activity.

Materials and Methods

Cell preparation

Normal peripheral blood neutrophils were prepared by a
modification of the method described in Ref. 68, and were
suspended at the indicated concentrations in Hanks’
balanced salt solution (HBSS) (Gibco, Grand Island, NY,
USA). Differential cell counts on Wright-stained cells
routinely revealed >95% neutrophils. Viability as assessed
by Trypan Blue dye exclusion was >98%.

Antibodies and reagents

The PE-labeled CD11b mAb (Leu™?®) and the CD62L mAb
(Leu®) were obtained from Becton Dickinson (Mountain
View, CA, USA). Monoclonal antibodies were diluted in
PBS containing 1 mg/mL BSA as indicated. N-Formyl-
met-leu-phe (FMLP) and normal mouse serum (NMS) were
purchased from Sigma Chemical Co. (St Louis, MO, USA).
Peptides were diluted in PBS containing 1 mg/mL BSA as
indicated.

Fluorescence labeling of cells

Neutrophils were labeled with calcein AM (Molecular
Probes, Eugene, OR, USA) (35,69) by incubating 5X10°/mL
cells with 50 pg of calcein AM for 30 min at 37°C in 18 mL
of calcein labeling buffer (HBSS without Ca** or Mg>*
containing 0.02% BSA). Cells were then washed twice
with calcein labeling buffer at 23°C and resuspended in

the desired media.
Peptide selection, synthesis and purification

The N-domains of CEACAMS, CEACAMG6, CEACAM3 and
CEA were modeled to conform to the IgV and Ig C2
domains of the heavy and light chains of Fab fragments of
immunoglobulin and CD4 as we reported previously for
CEACAMI (67). Our rationale was to select sequences from
the loop regions as these regions would potentially be more
accessible to cells, and therefore may be more biologically
active. The N-domains were chosen, because in our earlier
study only peptides from the N-domain of CEACAM1 had
biological activity in neutrophil activation (67). Hydropathy
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plots were also done using Kyte-Doolittle and Chou-
Fassman analyses, and the results were consistent in that
the chosen sequences coincided with hydrophilic regions.
The sequences were then standardized to a length of 14
amino acid residues, because this length results in a
relatively high yield of peptides during synthesis, and
corresponds to peptides made in our earlier study of
CEACAMI1. In order to complete this standardization,
amino acid residues were added to the amino or carboxyl
ends of the sequences. We also attempted to avoid having
cysteine residues appear in the final sequences, as peptide
dimerization may then occur. Our final selection of
peptides to be synthesized is shown in Table 1.

Peptides were synthesized as amides by Fmoc solid-
phase methodology on a Gilson Automated Multiple
Peptide Synthesizer AMS 422. Peptides were purified by
preparative reverse phase-HPLC on a Beckman System
Gold equipped with a Regis Chemical ODS C,g column
(10 um particle size, 60 A pore size, 250X21.1 mm). The
elution gradient was 12-50% B over 35 min at a flow rate of
5.0 mL/min, where A was water containing 0.1 % trifluoro-
acetic acid, and B was acetonitrile containing 0.1%
trifluoroacetic acid. Detection was at 235 nm. Peptides
were analyzed for the correct amino acid composition by
fast atom bombardment mass spectrometry, and all peptides
were found to have the correct composition.

Endothelial cell adhesion assay

Neutrophil adhesion to HUVECs was determined as des-
cribed previously (35,69-71). Briefly, HUVECs (Clonetics
Corp., San Diego, CA, USA) were passaged 1:5 in T-25 flasks
(Costar) no more than three times before plating in 96-well
microtiter plates at 3000 cells/well. HUVECs were grown
to confluence in 96-well microtiter plates in EGM media
(Clonetics) and fed every 24 h. Using the adhesion assay
described below, no difference in resting and stimulated
neutrophil adhesion was observed, and, as expected (72),
no difference in surface expression of CDs54 (ICAM-1) or
CD62E (E selectin, ELAM-1) in resting or TNF-stimulated
cells was noted using HUVECs passaged once compared
with those passaged five times. In some experiments, the
HUVECs were stimulated by culture for the indicated
time with TNF-o (Cetus, Emeryville, CA, USA). The wells
were then washed four times with adhesion buffer
(DMEM + 5% heat inactivated fetal bovine serum; HIFBS)
and 25 uL of adhesion buffer containing the indicated
peptide was added to each well, followed immediately by
100 UL of adhesion buffer containing 10° calcein-labeled
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Table 1. CEACAM N-domain peptides

Amino acid Predicted

Peptide sequence loop CEACAM
CD66a-1 SMPFNVAEGKEVL AB CEACAM!1
CD66a-2  LVHNLPQQLFGYSW  BC CEACAM!1
CD66a-3  KGERVDGNRQIVGY  CC’ CEACAM1
CD66a-4  VGYAIGTQQATPG cc CEACAM1
CD66a-5  ATPGPANSGRETIY D CEACAM1
CD66a-6  LLIQNVTQNDTGFY EF CEACAM!1
CD66a-7  VIKSDLVNEEATGQ FG CEACAM!1
CD66a-8  EATGQFHVYPELPK link CEACAM1
CD66b-1  AVPSNAAEGKEVL AB CEACAMS
CD66b-2  LVHNLPQDPRGYNW  BC CEACAMS
CD66b-3  KGETVDANRRIIGY cc CEACAMS
CD66b-4  IGYVISNQQITPG cc CEACAMS
CD66b-5  ITPGPAYSNRETIY D CEACAMS8
CD66b-6  LLMRNVTKNDTGSY  EF CEACAMS8
CD66b-7  VIKLNLMSEEVTGQ FG CEACAMS
CD66b-8  EVTGQFSVHPETPK link CEACAMS8
CD66¢c-1 STPFNVAEGKEVL AB CEACAMS6
CD66c-2 LAHNLPQNRIGYSW  BC CEACAMS6
CD66¢-3 KGERVDGNSLIVGY cC CEACAM6
CD66c-4  VGYVIGTQQATPG cc CEACAM6
CD66¢-5 ATPGPAYSGRETIY D CEACAM6
CD66¢-6 LLIQNVTQNDTGFY EF CEACAM6
CD66¢-7 VIKSDLVNEEATGQ FG CEACAM6
CD66¢-8 EATGQFHVYPELPK link CEACAM6
CD66d-1 STPFNVAEGKEVL AB CEACAM3
CD66d-2  LVHNLPQHLFGYSW  BC CEACAM3
CD66d-3  KGERVDGNSLIVGY cc CEACAM3
CD66d-4  VGYVIGTQQATPG cc CEACAM3
CD66d-5  ATPGAAYSGRETIY D CEACAM3
CD66d-6  LLIHNVTQNDIGFY EF CEACAM3
CD66d-7  VIKSDLVNEEATGQ FG CEACAM3
CD66d-8  EATGQFHVY link CEACAM3
CD66e-1 STPFNVAEGKEVL AB CEA
CD66e-2  LVHNLPQHLFGYSW  BC CEA
CD66e-3  KGERVDGNRQIGY cC CEA
CD66e-4  IGYVIGTQQATPG cc CEA
CD66e-5  ATPGPAYSGREIIY D CEA
CD66e-6  LLIQNIIQNDTGFY EF CEA
CD66e-7  VIKSDLVNEEATGQ FG CEA
CD66e-8  EATGQFRVYPELPK link CEA

Synthetic peptides of human CEACAMs as described in the text.
Amino acids underlined and shown in bold represent amino acid
residues that differ from the homologous CEACAM1 peptide.
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cells. Twenty-five microliters of adhesion buffer containing
the indicated concentration of FMLP was then added, and
the plates were incubated at 37°C in 5% CO, for 30 min.
The wells were then aspirated and washed four times with
endo wash buffer (HBSS+4% HIFBS), and the fluorescence
was quantitated with a Millipore fluorescence plate reader
using an excitation wavelength of 485 nm and an emission
wavelength of 530 nm. For each condition, quadruplicate
wells were tested and values are reported as the mean +SD.
Each experiment was performed at least three times using
different HUVEC subcultures.

Statistical analyses

Effects of peptides on neutrophil adhesion to HUVECs was
analyzed by the Student’s t-test when appropriate.

Analysis of CD11b and CD62L expression

Analyses of CD11b and CD62L expression were performed
as previously described (67). For analysis of CDi1b
upregulation, purified neutrophils (10° in 100 uL. HBSS
+0.02% BSA) were incubated with media containing the
indicated peptide (167 pg/mL) or EMLP (1077 m) for 15 min
at 37°C. The cells were then cooled to 0°C for 10 min and
2 ug of the PE-labeled CD11b mAb was added. The mixture
was incubated at o°C for 25 min, and 4 mL of buffer B
(PBS, pH 7.4, 0.2% BSA, 0.05% NaN,;, 0°C) was then added
and the mixture was centrifuged at 400 g for § min at 4°C.
The supernatant was removed and the cells were vortexed,
and suspended in 1 mL of buffer B (0°C), and 250 uL of
fixative (Coulter) (23°C) was then added. Three milliliters of
buffer B (0°C) was then added, and the mixture centrifuged
at 400 g at 4°C for 5 min. The cells were washed with
3 mL of buffer B as above, and resuspended in 200 uL
of PBS containing 0.1% NaNj; (0°C) and stored at 4°C until
analysis. Quantitative flow cytometric analysis of surface
antigen expression was performed using a FACSTAR Plus
(Becton Dickinson). Forward and right-angle light scatter,
as well as the peak fluorescence channel, were optimized
with fluorescent beads. The cell population studied was
determined by forward and right-angle light scatter.

For analysis of CD62L down regulation, purified neutro-
phils (10° in 100 uL HBSS +0.02% BSA) were warmed to
37°C for 5§ min and then incubated with media containing
the indicated peptide (167 ug/mL) or FMLP (1077 m) for
s min at 37°C. The cells were then cooled to 0°C for 10 min
and s pg of the PE-labeled CD62L mAb was added. The



cells were then incubated, washed and analyzed by flow
cytometry as above.

Results
Synthesis of CEACAM peptides

As CEACAMs are members of the Ig superfamily, we
modeled CEACAMS, CEACAM6, CEACAM3 and CEA
using the known crystallographically determined structure
of the IgV and Ig Co2-like domains of IgG and CD4. The
amino acid sequences were also analyzed by a hydropathy
plot using Kyte-Doolittle and Chou-Fassman analyses, and
sequences predicted to be exposed on the surface of the
molecules based on hydrophilicity were identified. There
was good agreement in general between the peptides
selected using these two methods. A series of 32 peptides
of 14 amino acids in length was then identified that were
predicted to contain turns and loops between pB-sheets
(Table 1). Ten of the modeled peptides were identical to at
least one other N-domain peptide of CEACAMs 1, 8, 6, 3 or
CEA. Twenty peptides were synthesized on a multipeptide
synthesizer, purified and characterized as described in
Materials and Methods. Synthesis of peptides CD66d-6,
CD66e-6 and also CD66a-7, which is identical to CD66¢-7,
CD66d-7 and CD66e-7, Peptide
CD66a-6, which is identical to CD66c-6, was not soluble
in our assay conditions and was therefore not studied
further.

was not successful.

Effects of CEACAM peptides on neutrophil adhesion to

endothelial cells

The CEACAMa1 peptides CD66a-1, CD66a-2 and CD66a-3
were previously reported to activate neutrophils and to
increase neutrophil adhesion to HUVECs (67). As expected,
when neutrophils were incubated for 30 min in the pres-
ence of media containing 167 ug/mL of peptide CD66a-2
with HUVECsS in the presence of 10”7 m FMLP and washed
as described in Materials and Methods, peptide CD66a-2
augmented neutrophil adhesion approximately 2-fold com-
pared with media (Fig. 1, solid bars). This effect was also
seen when neutrophils were pretreated with TNF-o
(hatched bars). In contrast, none of the CEACAMS peptides
(CD66b-1 to CD66b-8), the CEACAMSG6 peptides (CD66c-1 to
CDé66c¢-5), or the CEACAM3 peptides (CD66d-1 to CD66d-5,
and CD66d-8) altered neutrophil adhesion compared with

incubation in media alone (Fig. 1). Similar results were
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obtained in the absence of FMLP (not shown). Peptides
CD66¢c-6, CD66¢-7 and CD66¢-8 were not tested as they are
identical to the CD66a-6 (insoluble), CD66a-7 (unsuccessful
synthesis) and CD66a-8 (inactive in this assay) peptides,
respectively, previously reported (67). Peptide CD66d-7 was
not tested as it is identical to the CD66a-7 peptide. We were
not able to synthesize peptide CD66d-6 in three separate
attempts. Six peptides from CEA (CD66e-1 to CD66e-5 and
CDé66e-8) were also tested for their ability to alter neutro-
phil adhesion to HUVECs (Fig. 1). Peptide CD66e-3, but
none of the other CEA peptides, altered neutrophil adhesion
to HUVECs. Peptide CD66e-7 was not tested as it is ident-
ical to CD66a-7. We were not able to synthesize peptide
CDé66e-6 in three separate attempts.

Concentration-dependent effect of CD66e-3 peptide

The CEA peptide CD66e-3 was further tested for its
effects on the adhesion of neutrophils to resting and
TNF stimulated HUVECs in the presence of FMLP.
Peptide CD66e-3
HUVECSs at concentrations as low as 75 ug/mL (= 5o um)

increased neutrophil adhesion to

(Fig. 2).

Effect of CD66e-3 peptide on CD11b expression

The effects of the CEA peptide CD66e-3 on surface
expression of CD11b on neutrophils was next examined.
Although neutrophil adhesion to HUVECs is dependent
on the functional activity of surface CD11/CD18, many
adhesive stimuli also upregulate the surface expression of
CD11/CD18, and this may play a role in regulating cell
adhesion as well (73-75). To determine if an alteration in
the surface expression of CD11/CD18 could contribute to
the effect of the CD66e-3 peptide on neutrophil adhesion,
CD11b expression was analyzed by flow cytometry. Because
CD11 and CDa18 are translocated to the cell surface only
when they are complexed with each other, the use of a
directly labeled CD11b mAb was used to demonstrate
upregulation of CD18 as well as CD11b. When neutrophils
were incubated with HBSS for 15 min at 37°C and then
reacted with a PE-labeled CD11b mADb, CD11b expression
was readily detected by flow cytometry (MCF=584)
(Fig. 3, left, upper panel). As expected, when neutrophils
were incubated with FMLP (107 m) for 15 min, CD11b
(middle). When
neutrophils were incubated with 167 ug/mL of the CEA

expression was increased (MCF=709)

peptide CD66e-3 (MCF=707) (lower), CD11b expression
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Figure 1. Effects of human CEACAM peptides on neutrophil adhesion to HUVECs. HUVECs were grown to confluence in 96-well microtiter
plates, and either used directly (solid bars) or stimulated by incubating in the presence of TNF-o at 50 ng/mL final concentration for 4 h at 37°C
(hatched bars). The wells were then washed and 25 pL of adhesion buffer containing the indicated human CEACAM peptide at 167 pg/mL (final
concentration) was added. One hundred microliters of adhesion media containing 10° neutrophils was then added immediately, followed by 25 uL
of adhesion buffer with 6X1077 m FMLP, and the plates were incubated at 37°C for 30 min as described in the text. The wells were then washed

and the number of adherent neutrophils determined with a fluorescence plate reader. Values are shown as the number of neutrophils remaining
adherent to the HUVEC monolayers, expressed as a percent of those adherent in the presence of media without peptide, and represent the
means +SD of four separate determinations. The adhesion observed in the presence of the active CEACAM1 peptide CD66a-2 and the CEA
peptide CD66e-3 was statistically greater than that observed with the other CEACAM peptides or media alone (P<o0.05).

also increased, similar to that seen with incubation with
10’ m FMLP.

Effect of CD66e-3 peptide on CD62L expression

The effects of the CEA peptide CD66e-3 on surface
expression of CD62L on neutrophils was next examined.
1-Selectin, recognized by CD62L mAbs, also plays a role in
neutrophil adhesion to endothelial cells, and its expression
is altered by stimulation (73,75). To determine if the surface
expression of CD62L could be altered by the CEA peptide
CD66e-3, CD62L expression was analyzed by flow cyto-
metry. When neutrophils were incubated with HBSS for
s min at 37°C, and then reacted with a PE-labeled CD62L
mAb, CD62L expression was readily detected by flow
cytometry (MCF=548) (Fig. 3, left, upper). When neutro-
phils were incubated with 107 m FEMLP, CD62L expres-
sion decreased as expected (MCF=256) (middle). Similarly,
when neutrophils were incubated with the CEA peptide
CDé66e-3 (MCF=239)
decreased.

(lower), CD62L expression also
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Discussion

Twenty peptides were synthesized from regions of the
N-domains of human CEACAMS, CEACAMG6, CEACAM3
and CEA, that we predict form loops and turns between
regions of B-sheets and may be exposed on the surface of
the molecule. These peptides are homologous to a series of
peptides from CEACAM1 that we described previously (67)
that included three peptides that had activity in an assay
examining stimulated neutrophil adhesion to HUVECs.
These same three peptides also stimulated upregulation
of CD11b/CD18 and downregulation of CD62L on the
neutrophil surface. Thus, previous data suggested that
peptide motifs from at least three regions of the N-terminal
domain of human CEACAMI1 are involved in the interaction
of CEACAM1 with other ligands and can initiate signal
transduction in neutrophils. In the current study, although
CEACAMSs 1, 8, 6 and 3 can all transmit activation signals in
neutrophils, only one of the 20 newly synthesized peptides
(CD66e-3) had biological activity in the neutrophil adhesion
assay. Several other studies have proposed structural motifs
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Figure 2. Effects of various concentrations of the CEA peptide
CD66e-3 on neutrophil adhesion to HUVECs. HUVECs monolayers
were tested directly (O) or stimulated by incubating with TNF-o (@),
and neutrophil adhesion in the presence of the indicated final
concentration of the CEA peptide CD66e-3 and FMLP as in Fig. 1.
Values are shown as the number of neutrophils remaining adherent to
the HUVEC monolayers, expressed as a percent of those adherent in
the presence of media without peptide, and represent the means +SD
of four separate determinations. The adhesion observed in the
presence of CEA peptide CD66e-3 at 75 pug/mL was statistically
greater than that observed with lower concentrations of peptides
(P<o0.05).

of CD66a family proteins (7,22,54,76). Although our pep-
tides of 14 amino acid residues in length contain variable
numbers of residues from proposed B-sheet regions, our
model is in general similar to other reported models.
Although 19 of the 20 peptides tested in this study were
not active in this assay, it is possible that they might have
functional activity in a different assay.

We chose to focus our study on the N-domains of
CEACAMs 8, 6, 3 and CEA, for several reasons. First,
these proteins are homologous to CEACAMI1, second,
CEACAMs 8, 6 and 3 can signal in neutrophils, and third,
they can undergo homotypic and/or heterotypic adhesion
with each other. Fourth, in our previous study, only
peptides from the N-domain of CEACAM1 had activity. In
addition, studies of transfectants, recombinant proteins and
domain-specific mAbs, have suggested that the N-terminal
domain is critical for the homotypic and heterotypic
adhesion activity of CEACAMs (16,22,24-26,34,77). Studies
have also suggested that the A1, B1 or A2 domains may
also be important in homotypic adhesion, and may interact
with the N-domain (16,20,21,23,24).

In addition to the finding that the CDé66e-3 peptide has
biological activity, the observation that some other peptides
homologous to the functionally active peptides CD66a-1,
CD66a-2 and CD66a-3 had no activity is also very infor-
mative. For example, CD66a-1 is functionally active
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Figure 3. Representative flow cytometric histogram profiles of the
effect of CD66e-3 peptide on human neutrophil surface CD11b and
CD62L expression. (Left) Purified neutrophils were incubated with
HBSS (MCF=584) (upper), 107 m FMLP (MCF=709) (middle) or

167 ug/mL of the CEA peptide CD66e-3 (MCF=707) (lower), for

15 min at 37°C, and the binding of a PE-labeled CD11b mADb was
determined as described in the text. Vertical axis, relative cell
number; horizontal axis, relative fluorescence intensity measured on a
log scale. The MCFs represent the means of two determinations that
agreed within 10%. (Right) Purified neutrophils were warmed to 37°C,
incubated for § min with HBSS (MCF=548) (upper), 107 m FMLP
(MCF=256) (middle), or 167 ug/mL of the CEA peptide CD66e-3
(MCF=239) (lower), and the binding of a PE-labeled CD62L mAb was
determined as described in the text. Vertical axis, relative cell
number; horizontal axis, relative fluorescence intensity measured

on a log scale.

whereas peptides CD66¢c-1, CD66d-1 and CD66e-1, which
are identical, and differ from CDG66a-1 by a single amino acid
substitution of M to T, are inactive (Table 2). These data
suggest that the sequence of peptide CD66a-1 in the
SMPF region may be critical for activity. CD66b-1 also
differs in the SMPF region and is inactive. Similarly,
although CD66a-2 is functionally active, the homologous
peptides CD66b-2, CD66¢c-2, CD66d-2 and CD66e-2, which
differ from CDé66a-2 in the QLFG region, are inactive
(Table 2). Thus, these data suggest that the amino acid
sequence in this region is critical for activity. CD66d-2
and CDé66e-2, which are identical, differ from CD66a-2 by a
single nonconservative Q to H substitution. CD66e-3 differs
from CD66a-3 by a single conservative amino substitution
at the end of the NRQIV sequence and retains activity
(Table 2). In contrast, CD66¢c-3 and CD66d-3, which are
identical, differ from CDé66a-3 by a RQ to SL substitution
in the NRQIV sequence and are inactive. CD66b-3 has a
substitution in the NRQIV sequence of QIV to RIL. Given
the activity of the V to I substitution in CDé6e-3, this
suggests that the loss of activity in CD66b-3 was due to the
nonconservative Q to R substitution, although two other
amino acid substitutions are also present. These changes

in primary amino acid sequence may evoke a change in
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Table 2. CEACAM N-domain peptides

Amino acid
CEACAM  Peptide sequence Activity
CEACAMI1 CD66a-1 SMPFNVAEGKEVL +
CEACAM8  CD66b-1 AVPSNAAEGKEVL -
CEACAM6  CD66¢-1 STPFNVAEGKEVL -
CEACAM3  CD66d-1 STPFNVAEGKEVL -
CEA CD66e-1 STPFNVAEGKEVL -
CEACAMI1 CD66a-2 LVHNLPQQLFGYSW +
CEACAM8  CD66b-2 LVHNLPQDPRGYNW -
CEACAM6  CD66c-2 LAHNLPQNRIGYSW -
CEACAM3  CD66d-2 LVHNLPQHLFGYSW -
CEA CD66e-2 LVHNLPQHLFGYSW -
*
CEACAMI1 CD66a-3 KGERVDGNRQIVGY +
CEACAM8  CD66b-3 KGETVDANRRIIGY -
CEACAM6  CD66c-3 KGERVDGNSLIVGY -
CEACAM3  CD66d-3 KGERVDGNSLIVGY -
CEA CD66e-3 KGERVDGNRQIIGY +
#

Comparison of active synthetic peptides of human CEACAM1
(CD66a-1 to CD66a-3), with homologous peptides of CEACAMS,
CEACAMS6, CEACAMS3, and CEA as described in the text. Amino
acids underlined and shown in bold represent amino acid residues
that differ from the homologous CEACAM1 peptide. Activity in the
neutrophil stimulation assay as described in the text is shown in the
right column. * indicates the position in CD66a-2, b-2, ¢-2, d-2 and
e-2 of Tyr** which has been shown by alanine mutagenesis studies
to be important in binding to some Opa variants. # indicates the
position in CD66a-3, b-3, ¢-3, d-3 and e-3 of Val*® which has been
shown by alanine mutagenesis studies to be important in binding
to certain Opa variants and in CEACAM1 homotypic adhesion.

secondary or tertiary structure reflected by biological
activity.

As described above, the naturally occurring amino acid
substitutions among the human CEACAM:s provide insight
into the identification of the amino acid residues that are
critical for biological activity. Other studies of function-
ally active sites of CEACAMs have also identified regions
critical to activity. The N-terminal half of the N-domain
has been shown to have a critical Opa-binding epitope (52).
Studies of binding of Opa proteins of N. meningiditis and
N. gonorrhoeae using alanine mutagenesis have suggested
that the CFG face is important in Opa binding to N-domains
of CEACAMSs (54). In particular, Tyr3* and Ile®* are critical
to Opa binding (54). Ile-91 is present in CD66a-7, CD66b-7,
CD66¢c-7, CD66d-7 and CDé66e-7. Because we were not
successful in synthesizing these peptides in a soluble
form, we could not test their activities in our assay. These
studies also found that Tyr3#, present in CD66a-2, CD66b-2,
CD66c-2, CD66d-2 and CD66e-2, was also critical for some
Opa variants, and Val®*°, present in CD66a-3, CD66b-3,
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CDé66¢-3, CD66d-3 and CD66e-3, was critical for other Opa
variants. Three of these peptides, CD66a-2, CD66a-3 and
CDé66e-3, were active in our assay. Similar studies of
CEACAM1 homotypic adhesion using alanine mutagenesis
have also suggested that the CFG face is important in
homotypic binding of CEACAM1, notably finding that
Val?®® in the CC’ loop, contained in peptides CD66a-3,
CD66b-3, CD66¢c-3, CD66d-3 and CD66e-3, is critical for
homotypic adhesion (78). Recent mutagenesis studies
have also suggested that the amino acid sequence NRQII,
present in our peptide CD66e-3, is important for homo-
typic adhesion of CEA (79). These studies also found that
1000 pg/mL of a cyclized version of NRQII could inhibit
CEA homotypic adhesion.

Studies of murine hepatitis virus binding have identi-
fied the sequence YKGNTTAIDKEIARFVPNSN in the
N-domain to be critical for coronavirus binding to
CEACAM1 (80). The regions of the human CEACAMs
corresponding to this sequence are represented largely
by peptides CDé66a-3, CD66b-3, CD66¢c-3, CD66d-3 and
CD66e-3, and partly by peptides CD66a-4, CD66b-4,
CD66¢c-4, CD66d-4 and CD66e-4. Thus, two of these
human peptides that correspond to the coronavirus bind-
ing region in murine CEACAM1 have biological activity
in our study of neutrophil activation.

Site-directed mutagenesis studies of rat CEACAM1 found
that the integrity of Arg® in the consensus ATPase domain
(GPAYSGRET) was essential for homotypic aggregation
(81). This arginine is highly conserved in Ig domains, being
important in forming a salt bridge with a highly conserved
aspartate within the same domain (7). The corresponding
regions in our model are present in a loop/turn region
comprising the sequences of peptides CD66a-5, CD66b-5,
CD66c-5, CD66d-5 and CD66e-5. Although none of these
peptides had activity in our assay, the cells and assay
systems utilized are quite different.

The finding that these short peptides can stimulate
neutrophils, as can CD66 mAbs (27-29,32,35,82) suggests
that they have significant affinity for a surface structure,
possibly native CEACAMs. If so, whether the activity
derives from binding native CEACAMs and transducing a
signal directly, or by another mechanism is unknown. The
ability of the synthetic peptides described here to activate
neutrophils could be mediated by alterations in CEACAM
dimerization, for example by disrupting a pre-existing
association of CEACAM1 with other CEACAM members
(including CEACAM21 itself in the form of dimers or oligo-
mers already present on the cell surface) or by stimulating
dimerization. It has been reported that CEACAM1 (83)



and CEA (84) exist on the cell surface as dimers. Dimeriza-
tion of CEACAMs could potentially occur via interactions
between the extracellular domains of CEACAM molecules
or via other mechanisms. CEACAM1 dimerization could
be influenced by phosphorylation; CEACAM1 is phos-
phorylated on Thr*’? in the calmodulin binding site by
protein kinase C (2). CEACAM1 dimerization has been
shown to be regulated by calmodulin and intracellular
calcium in vitro (83,85). Clearly, dimerization of CEACAMs
could affect binding of other signal regulating molecules.
The mechanisms by which CEACAM family members
transmit signals (e.g. activation in neutrophils or growth
regulating signals in epithelial cells and carcinomas) are
unclear. In addition to the considerations described above,
CEACAMI1 is phosphorylated in neutrophils and colon
cancer cells (12,62,63,66), and protein kinase and phos-
phatase activity may associate with CEACAMs (62,64,65).
CEACAMI1 contains an immune tyrosine inhibitory motif
(ITIM), as well as a motif similar to an immune tyrosine
activating motif (ITAM) in its cytoplasmic domain (2,62),
and phosphorylation of ITAMs and ITIMs can result in
binding of protein tyrosine kinases and protein tyrosine
phosphatases, respectively, which can modify signal
transduction (64,65).

CEACAM family members appear to be involved in a wide
variety of important biological processes, and their differ-
ential expression provides the possibility for diverse inter-
actions. For example, CEACAM1, CEACAMS, CEACAMG6
and CEACAM3, but not CEA, are expressed on neutrophils;
CEA is expressed on many tumor cells but not leukocytes;
CEACAMS is expressed on neutrophils but not epithelial
cells; CEACAMG is expressed on both neutrophils and

epithelial cells (reviewed in Refs 1,2,4,13). In addition, the
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