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Abstract
Carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1) is expressed on
activated natural killer (NK) cells wherein it inhibits lysis of CEACAM1-bearing tumor cell lines.
The mechanism for this is unknown. Here we show that interleukin-2-induced expression of
CEACAM1 on both mouse and primary human NK cells impairs the ability of NKG2D to
stimulate cytolysis of CEACAM1-bearing cells. This process requires the expression of
CEACAM1 on the NK cell and on the tumor cells, which is consistent with the involvement of
trans-homophilic interactions between CEACAM1. Mechanistically, co-engagement of NKG2D
and CEACAM1 results in a biochemical association between these two surface receptors and the
recruitment of Src homology phosphatase 1 (SHP1) by CEACAM1 which leads to
dephosphorylation of the guanine nucleotide exchange factor Vav1 and blockade of downstream
signaling that is associated with the initiation of cytolysis. Thus, CEACAM1 on activated NK
cells functions as an inhibitory receptor for NKG2D-mediated cytolysis, which has important
implications for understanding the means by which CEACAM1 expression adversely affects
tumor immunity.
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Introduction
Natural killer (NK) cells constitute a first line of defense against tumors and viral infections.
Accumulating evidence has shown that NK cells may also play an important role in immune
tolerance and autoimmune diseases. NK cells exert these roles in immune surveillance via
activating NK-cell receptors, which in turn are regulated by inhibitory NK-cell receptors.
The inhibitory receptors on NK cells suppress activating receptors by recognizing their
ligands, in some cases major histocompatibility complex (MHC) class I molecules expressed
on target cells. However, the ligands for most activating NK-cell receptors are not defined.
An activating NK-cell receptor that has well-defined ligands is natural killer gene 2 member
D (NKG2D, gene name KLRK1). NKG2D is a C-type lectin-like type II transmembrane
activating receptor [1]. Each polypeptide of an NKG2D homodimer associates with a
homodimer of the adapter molecule DAP10 in human and mouse cells [2–4], or DAP12
exclusively in mouse NK cells [5, 6]. After engagement with its ligands, the NKG2D-
DAP10 receptor complex recruits the growth factor receptor binding protein 2 (Grb2), a
guanine nucleotide exchange factor Vav, and the p85 subunit of the phosphatidylinositide
kinase (PI3K) to transduce signals that endow NKG2D with a pivotal role in NK-cell- and T-
cell-mediated immunity against cancers and infections [6–8], as well as in the development
of autoimmune diseases [9, 10].

The ligands for NKG2D are usually induced by stress such as during infection and
malignancy. The NKG2D ligands (NKG2DL) in humans include MHC class I chain-related
gene A and B (MICA, MICB) [11] and the ULBP proteins (ULBP1-6) [12–15], and in
mouse, include the retinoic acid early inducible gene-1 (Rae-1), H60, and MULT1 proteins
[16–18]. Once engagement of NKG2DL reaches a threshold on target cells, NKG2D on NK
cells will surmount the restraint provided by inhibitory NK-cell receptors, resulting in the
activation of cytolysis. However, NKG2D-bearing NK cells often are not able to lyse target
cells, including tumor cells that have lost MHC class I expression, a ligand for some
inhibitory NK-cell receptors [19]. In this context, NK cells may be induced to express new
inhibitory molecules within the tumor environment such as carcinoembryonic antigen
(CEA)-related cell adhesion molecule 1 (CEACAM1) [19].

CEACAM1 is a member of the CEA-family of immunoglobulin (Ig)-like transmembrane
glycoproteins [20, 21]. It is constitutively expressed on a wide range of normal
hematopoietic and parenchymal cells and can be observed on tumor cells. Its expression on
NK cells and T cells is, however, mainly induced by cytokines and membrane-activating
receptor engagement [21–25]. When expressed, CEACAM1 is characterized by significant
alternate RNA splicing, leading to 12 isoforms in humans and at least 4 isoforms in mice.
These isoforms differ in the length of the cytoplasmic tail (CT) and the number of
extracellular Ig-like domains and are named accordingly. The most membrane distal amino
terminal Ig domain of CEACAM1, the N-domain, is involved in the homophilic interactions
that characterize these proteins. The majority of CEACAM1 isoforms possess either a long
(CEACAM1-L) CT or a short (CEACAM1-S) CT. CEACAM1-L isoforms predominate in
NK cells and T cells, and contain two immunoreceptor tyrosine-based inhibitory motifs
(ITIM) [25–27]. Previous studies have shown that CEACAM1-L isoforms inhibit T-cell
receptor (TCR)/CD3 complex, B-cell receptor (BCR), and Toll-like receptor 2 (TLR-2)-
mediated immune responses among others [21, 27–31]. In each of these cases, this inhibition
is mechanistically related to growth factor receptor tyrosine kinase- or Src kinase-mediated
phosphorylation of the CEACAM1-L CT-associated ITIMs, recruitment of Src homology
phosphatase 1 (SHP-1) and/or SHP-2, and consequently inhibition of downstream signaling
elements [26, 27, 32–37].
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Interleukin-2 (IL-2) is an important cytokine for maintaining growth, proliferation and
function of T cells and NK cells. IL-2 also functions as an important homeostasis factor in
immune responses by inducing T-cell death. We and others have previously reported that
IL-2 induces T cells to express CEACAM1, which in turn attenuates T-cell-mediated
immunity [27]. Moreover, expression of CEACAM1 on the cell surface of NK cells is
associated with inhibition of cytolysis of CEACAM1-bearing NK susceptible targets in a
mechanism that has yet to be defined. Here we show that IL-2 can induce NK cells to
express the long CT isoform of CEACAM1, which in turn associates with and inhibits
NKG2D cytolytic function and signaling. Taken together, our findings suggest that
induction of CEACAM1 expression on NK cells is an alternative pathway to attenuate
immune responses induced by IL-2.

Results
IL-2 induces CEACAM1 expression on NK cells without altering the expression of NK-cell
receptors

When expressed on NK cells, CEACAM1 inhibits NK-cell-mediated cytolysis of
CEACAM1-bearing tumor cells but not CEACAM1-null tumor cells of the same type,
indicating that trans-homophilic interactions between CEACAM1 on NK cells and tumor
cells engage and induce inhibitory signaling to impede the cytolytic function of activating
NK-cell receptors [38]. However, the activating NK-cell receptors targeted by such an
inhibitory mechanism associated with CEACAM1 have not been documented. Based upon
our previous studies demonstrating that tumor cells expressing CEACAM1 escape NK-cell-
mediated-immune surveillance by reducing the abundance of NKG2D ligands on the tumor
in a cell autonomous manner [39] and previous reports by others that NK cells of melanoma
patients exhibit decreased expression of the activating NK-cell receptor, NKp46 [40], we
hypothesized that CEACAM1 on NK cells might also inhibit NKG2D expression.

To test this hypothesis, we took advantage of Ceacam1−/− mice (KO) mice. We isolated
primary NK cells from the spleens of KO and wildtype (WT) littermate mice and stimulated
them in vitro with IL-2-containing media for various periods of time. Figure 1A shows that
after stimulation with IL-2 all NK cells of WT mice exhibited CEACAM1 expression on
day 8 with additional expression after 12 days of culture in IL-2. As expected, no
CEACAM1 was expressed on NK cells obtained from KO mice. Notably, the levels of
NKG2D on the NK cells of both WT and KO mice were virtually identical (Figure 1A),
indicating that CEACAM1 induction does not inhibit NKG2D expression on the cell surface
of NK cells. We also observed that the expression of CEACAM1 on NK cells did not
influence the expression of the activating NKp46 or inhibitory Ly-49 receptors (Figure 1B),
suggesting that CEACAM1 impedes NK-cell-mediated immunity by directly inhibiting
cytolytic function rather than by altering the expression of other activating or inhibitory NK-
cell receptors.

IL-2-induced CEACAM1 in NK cells inhibits NKG2D-mediated cytolysis of tumor cells
We therefore examined whether CEACAM1 expression on NK cells inhibits the activating
NK-cell receptor NKG2D. To test this, we first performed cytotoxicity assays using freshly
isolated primary NK cells, which express NKG2D but have not yet upregulated CEACAM1,
from the spleens of either WT or KO mice as effectors and the target cells indicated in
Figure 2A. We found that naïve NK cells from KO and WT mice exhibited the same ability
to lyse different tumor cells. Mechanistically, we observed that CEACAM1 was not
expressed on the cell surface of the WT NK cells during the time period associated with the
cytotoxicity assay (data not shown). These results indicate that genetic disruption of
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CEACAM1 expression per se does not affect the cytolytic function of naïve, NKG2D-
bearing, but CEACAM1-deficient NK cells.

We examined the effects of CEACAM1 induction on the cell surface of NK cells after IL-2
stimulation. As noted, NK cells from spleens of WT mice express significant levels of
CEACAM1 on the cell surface after 8 days of stimulation with IL-2 as shown in Figure 1.
When these activated NK cells were used as effector cells and the mouse colon cancer cell
line, MC38, which expresses both CEACAM1 and Rae-1, were used as target cells in a
cytotoxicity assay, we observed that the IL-2-stimulated NK cells from KO mice exhibited
enhanced cytolytic activity than that observed with IL-2 stimulated NK cells from WT mice
(Figure 2B). This indicates that CEACAM1 on NK cells of WT mice impedes the cytolytic
function of NK cells, likely through homophilic interactions with CEACAM1 on the tumor
cells. To confirm this, we silenced the expression of CEACAM1 on MC38 cells and used
these as target cells in a cytotoxicity assay with IL-2-stimulated WT NK cells as effectors.
As expected, the cytolytic activity of the IL-2-stimulated WT NK cells was similar to the
levels observed with IL-2-stimulated NK cells from KO mice (Figure 2C). Thus, loss of
CEACAM1 expression on the target cell reversed the inhibitory effects of CEACAM1
expression on the activated NK cell.

These observations with WT IL-2-stimulated NK cells was consistent with previous studies
showing that CEACAM1-bearing NK cells are disabled in their ability to lyse tumor cells
that express CEACAM1 in comparison with their ability to destroy CEACAM1-null tumor
cells of the same type [38, 41]. To further determine whether this decreased efficiency of
CEACAM1-bearing NK cells to lyse tumor cells that express CEACAM1 was due to the
inhibition of NKG2D cytolytic function by CEACAM1, we performed an anti-NKG2D
mAb blocking assay with CEACAM1- silenced (CEACAM1Lo) or non-silenced
(CEACAM1Hi) MC38 cells (Figure 2D). Although the lysis of CEACAM1Hi cells was less
than that of CEACAM1-silenced CEACAM1Lo MC38 cells, mouse NKG2D blocking
antibody almost completely prevented WT NK cell-mediated cytotoxicity of both types of
MC38 tumor cells (Figure 2E).

To confirm and extend these findings, we turned our attention to human NK cells and took
advantage of the human NK-cell line NK92. NK92 cells are maintained in medium
containing IL-2 and consequently express NKG2D and CEACAM1 (Figure 3A), which is
predominantly derived from long CT-containing isoforms based upon PCR data (Figure 3B).
We observed that NK92 cells were able to lyse the EBV-transformed human B cell line
721.221 transfected with MICA at an effector/target (E/T) ratio = 0.7 or higher (data not
shown). To confirm that the lysis of these MICA-transfected 721.221 cells by NK92 cells
was mediated by NKG2D, we performed a blocking assay. An anti-human NKG2D
blocking antibody was shown to inhibit NK92-elicited lysis of MICA-transfected 721.221
cells in a dose dependent manner at an E/T ratio = 0.7 (Figure 3C). This indicates that the
augmented lysis of MICA-transfected 721.221 by NK92 cells is mainly mediated by
NKG2D. Since it has been previously reported that 721.221 parental cells do not express
sufficient levels of CEACAM1 to inhibit CEACAM1-bearing NK cell-mediated cytolysis
[38, 41], and to demonstrate that the CEACAM1 that is expressed on NK92 cells is indeed
inhibitory to NKG2D-mediated lysis, we furthermore engaged the CEACAM1 expressed on
NK92 cells with a human CEACAM1 antibody (5F4) that is weakly agonistic at high
antibody concentrations under cross-linking conditions and previously demonstrated to elicit
inhibitory signaling by human cytolytic T cells under these conditions [27]. The 5F4 anti-
CEACAM1 antibody was observed to inhibit NKG2D-mediated lysis of the MICA-
transfected 721.221 cell line at an E/T ratio of 0.7 in a dose-dependent fashion (Figure 3C).
We also evaluated human primary NK cell cytotoxicity using an antibody-redirected lysis
assay in order to confirm that direct co-ligation of CEACAM1 and NKG2D was required for
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inhibition of cytotoxicity. CEACAM1 expression on the primary human NK cells was
induced by IL-2 stimulation for 12 days, similar to our observation with mouse NK cells
(Figure 3D). Reverse transcription PCR (RT-PCR) showed that these IL-2-stimulated human
NK cells expressed CEACAM1-L isoforms (data not shown). Primary NK cells stimulated
with IL-2 for 12 days were examined in an antibody-redirected lysis assay using Fc
receptor-bearing P815 cells as target cells in the presence of anti-NKG2D antibodies with or
without concomitant anti-CEACAM1 antibodies. These studies confirmed that anti-NKG2D
induced cytotoxicity was inhibited by CEACAM1 co-ligation with a mouse anti-human
CEACAM1 antibody (5F4) in a dose-dependent fashion (Figure 3E). We further observed
that cross-linking of NKG2D-induced IFN-γ production by human NK cells treated with
IL-2 for 12 days in the presence of a non-binding IgG1 control antibody (Figure 3F, left
panel). In addition, NKGD-mediated stimulation of IFN-γ production was only observed
under conditions of cross-linking using a mouse specific F(ab′)2 antibody (Figure 3E, left
panel), but not with an irrelevant rabbit specific F(ab′)2 antibody (Figure 3E, right panel).
Moreover, anti-NKG2D antibody-induced IFN-γ was inhibited by CEACAM1 co-ligation
with the 5F4 antibody under conditions conducive to cross-linking (Figure 3E, left panel)
but not conditions that were unable to induce cross-linking (Figure 3E, right panel). These
data confirm that direct co-ligation of CEACAM1 and NKG2D in cis is indeed required for
CEACAM1-mediated inhibition of NKG2D.

NKG2D stimulation induces association of NKG2D with CEACAM1
It has been previously shown that CEACAM1, which is expressed on T and B cells, can
translocate into the TCR and BCR immune synapse [27, 30]. We therefore examined
whether CEACAM1 expressed on IL-2-activated NK cells could associate with NKG2D
leading to an impairment of the consequent cytolytic activity of the NK cells. To test this
hypothesis, we initially used two methodological approaches to demonstrate an association
between NKG2D and CEACAM1 upon NKG2D stimulation. In the first approach, we co-
engaged NK92 cells with an anti-human NKG2D agonistic antibody (1D11) together with
either an anti-human CEACAM1 antibody (5F4) or antibody directed at CD45, a tyrosine
phosphatase, fixed the cells, and then detected the localization of NKG2D, CEACAM1, and
CD45 by confocal microscopy analysis. We observed the co-localization of NKG2D with
CEACAM1 but not with CD45, as shown by the presence of punctate immunofluorescence
at the membrane surface and intracellularly within vesicular structures (Figure 4A). These
results are consistent with the co-localization of NKG2D with CEACAM1, but not CD45,
upon NKG2D ligation. In an alternative approach, we further confirmed the association
between NKG2D and CEACAM1 by co-immunoprecipitation assays. In this case, we
stimulated NK92 cells with an anti-NKG2D antibody (1D11), removed the free anti-
NKG2D antibody and immunoprecipitated CEACAM1 with different antibodies as
indicated. Our results showed that CEACAM1 could only be immunoprecipitated by anti-
human CEACAM1 and anti-NKG2D antibodies but not by mouse IgG control or anti-
human HLA-A, B, C class I antibodies. This indicates that activation of NKG2D specifically
promotes its association with CEACAM1 (Figure 4B) and thus induces a localized rather
than diffusible association further supporting the observations above in an antibody-
redirected cytolysis assay.

CEACAM1 attenuates NKG2D cytolytic signaling through SHP-1
NK cells constitutively express inhibitory receptors that can associate with SHP1 and inhibit
the cytolytic function of activating NK-cell receptors in the presence of MHC class I
expression on target cells [42]. However, certain tumor cells are characterized by the loss of
MHC class I expression by a variety of mechanisms yet remain insensitive to NK cell-
mediated cytolysis [43]. It has been proposed that CEACAM1 may replace MHC class I-
inhibitory receptors in this scenario [21, 44]. Thus, in the following set of studies we sought
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to determine whether CEACAM1 on NK cells associates with SHP1 and uses this
phosphatase to inhibit NK-cell cytolytic function. Since we and others have found that the
association between CEACAM1 and SHP1 requires stimulation of activating receptors on T
and B cells, we tested whether stimulation of NKG2D induces the association between
CEACAM1-L and SHP-1 in human NK92. As shown in Figure 5A, upon NKG2D
stimulation, CEACAM1 was observed to associate with SHP-1. Our next group of studies
therefore focused on the effects of SHP1 recruitment by CEACAM1 on the activity and
function of Vav1. Vav1 is one of the most proximal elements associated with NKG2D-
mediated cytolytic signaling which is shared in mouse and human cells [7]. As shown in
Figure 5B, the CEACAM1-SHP-1 immune complex that was specifically
immunoprecipitated by an anti-CEACAM1 monoclonal antibody (5F4), was capable of
dephosphorylating phosphorylated-Vav1 obtained from NK92 cells by immunoprecipitation
with an anti-Vav1 antibody. This indicates that the tyrosine phosphorylated Vav1 in NK
cells induced by NKG2D stimulation is a target of SHP1 phosphatase activity. Consistent
with this, we further demonstrated that engagement of NK92 cells with an anti-NKG2D
antibody in the presence of an anti-CEACAM1 antibody (5F4), but not control Ig,
significantly decreased the phosphorylation not only of Vav1 but also of JNK, which is
downstream of NKG2D-activated Vav1, as shown by an evaluation of their phosphorylated
forms with individual phospho-specific antibodies (Figure 5C).

Discussion
We here show that IL-2-induced CEACAM1 expression on NK cells dampens the cytolytic
function of NK cells induced by NKG2D ligation by NKG2DL. Our data specifically show
that NKG2D activation leads to a physical association with CEACAM1 resulting in the
recruitment of SHP1 leading to the deactivation of the proximal elements of NKG2D-
initiated cytolytic signaling and consequently reduced lysis of NKG2DL-expressing target
cells such as tumor cells. We also demonstrate that CEACAM1 expressed on NK cells does
not reduce the protein expression of NKG2D or of either Ly-49 inhibitory or NKp46
activating receptors. Thus, CEACAM1-mediated inhibition of IL-2-induced NK-cell
activation occurs directly through its effects on NKG2D-initiated signaling of cytolytic
function in a pathway that requires trans-homophilic interactions with CEACAM1. This
mechanism is distinct from our previous studies showing that CEACAM1 on tumor cells
retains NKG2DL intracellularly in a cell autonomous manner, which diminishes the
sensitivity of tumors to NKG2D-mediated lysis [39]. Thus, our studies reveal distinct
mechanistic pathways associated with expression of CEACAM1 on tumor cells and NK
cells that lead to diminished NK-cell-dependent immune surveillance which is capable of
targeting a wide variety of cell types. In the first instance, this is associated with diminished
sensitivity of the target cell to lysis. This is a cell autonomous process that is independent of
trans-homophilic interactions and associated with CEACAM1-mediated retention of
NKG2DL as previously described [39]. The second mechanism is due to direct interactions
of CEACAM1 with NKG2D and inhibition of downstream signaling associated with
cytolysis. This latter mechanism is a trans-homophilic-dependent process and requires
CEACAM1 on the target (tumor) cell as previously proposed [41]. Overall, this study
provides a mechanistic basis for previous findings demonstrating that CEACAM1-bearing
NK cells are not able to efficiently lyse CEACAM1-positive tumor cells [29]. This study
also provides new clues to explain the observation that cancer patients are refractory to the
treatment of IL-2 and/or adoptively transferred IL-2-activated LAK (lymphokine-activated
killer) cells [45].

Human NK cells only express the long isoform of NKG2D that exclusively associates with
the adaptor molecule, DAP10, which lacks an ITAM [1]. However, a YXXM motif in the
CT of DAP10 can mediate association with GRB2, Vav1, and PI3K, which transmit
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intracellular signals that endow NKG2D with a crucial function in NK cell-mediated
immunity [1, 4, 7]. Using a well-known human NK-cell line, we were able to demonstrate
that CEACAM1 functions to recruit SHP1 into the vicinity of NKG2D and down-regulates
the activity of Vav1 and its downstream signaling associated with cytolysis. However,
activated mouse NK cells are also capable of expressing a short isoform of NKG2D, which
can associate with the adaptor molecule, DAP12, which contains an ITAM [1]. ITAM-
containing adaptor molecules can activate the SYK kinase-dependent signaling pathways
[1]. We and others have previously found that CEACAM1 in T cells can inhibit TCR-
mediated activation of ZAP-70, a member of SYK tyrosine kinase family [27]. In these
other studies, we have further demonstrated that engagement of the TCR/CD3 complex
induces CEACAM1 association with and recruitment of SHP1 to the TCR/CD3 complex
wherein SHP1 dephosphorylates CD3-ζ and ZAP-70. Thus, in activated mouse NK cells,
CEACAM1-mediated inhibitory signaling is also likely to lead to decreased SYK kinase-
related cytolytic signaling that is mediated by the NKG2D/DAP12 complex and worthy of
further investigation in future studies. This notion is indirectly confirmed in this study by
showing that NK cells from WT mice exhibited decreased NKG2D-mediated cytolysis of
CEACAM1-bearing tumor cells by NKG2D in a pathway that depended upon IL-2 induced
CEACAM1 expression on NK cells; a process that was not observed when NK cells were
obtained from CEACAM1-deficient mice. These studies are consistent with a model in
which trans-homophilic interactions between CEACAM1 expressed on tumor cells and NK
cells is crucial for the ability of CEACAM1 on NK cells to trigger inhibitory signaling as a
consequence of NKG2D ligation by NKG2DL on target cells. Thus, this work elucidates the
molecular mechanisms that are operative in our previously published studies on NK-cell-
mediated tumor cytotoxicity mediated by CEACAM1 [39] and studies by others which
demonstrate the ability of CEACAM1 to inhibit NK cytotoxicity [38, 40, 41].

These studies significantly add to the mechanisms identified that are associated with
inhibition of NKG2D function. Immunoglobulin-like inhibitory NK-cell receptors not only
employ SHP1 to negatively regulate NK-cell activation [42] but also down-regulate
expression of activating NK-cell receptors on NK and/or CD8+ T cells [46]. Based upon our
observations, CEACAM1 utilizes the first mechanism to disable NKG2D-mediated
signaling.

Another aspect of our study deserves comment. Notably, SHP1 is normally excluded from
membrane lipid rafts [47, 48] where an immune synapse complex localizes [49]. Previous
studies by our lab and others have demonstrated that CEACAM1 is able to shuttle between
lipid rafts and non-lipid raft membranes [27, 50]. Given our observations, and specifically
the fact that CEACAM1 becomes associated with the NKG2D receptor complex upon co-
engagement of NKG2D and CEACAM1, suggests that CEACAM1 facilitates entry of SHP1
into the vicinity of the NKG2D complex signalosome, which is likely enriched in lipid rafts.
Further studies of the details of this mechanism, including whether there is any role played
by disruption of target cell-effector conjugate formation, will be required to fully understand
this process.

Finally, it should be noted that CEACAM1 can associate with IL-2 receptor in human T
cells and lead to a reduction of IL-2 receptor expression [50]. However, CEACAM1, as
shown here, did not affect the cell-surface expression of NKG2D and other NK-cell
receptors in NK cells. Consistent with our observations, CEACAM1 can associate with Toll-
like receptor 2 [31], granulocyte colony-stimulating factor receptor (G-CSFR) [51], and
TCR [27, 50] without decreasing their cell surface expression.

In summary, we provide a mechanistic basis for previous observations that have shown
CEACAM1 expression on NK cells inhibits their cytolytic function when they are exposed
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to CEACAM1-bearing targets such as tumor cell lines [38, 41, 52]. Specifically, we
demonstrate that this involves inhibition of NKG2D-mediated signaling that leads to
cytolysis of target cells. This pathway is enabled by IL-2 through its ability to induce
CEACAM1 expression on the NK cell, which allows for trans-homophilic interactions with
CEACAM1 on the target cell [38] and involves NKG2D-stimulated association between
CEACAM1 and NKG2D. CEACAM1 can thus be brought into the immediate vicinity of the
NKG2D signalosome, leading to inactivation of proximal signaling events downstream of
NKG2D such as Vav1 and its subsequent effector elements as exemplified by JNK. These
studies add to burgeoning information on the importance of CEACAM1 as a negative
regulator of immune surveillance against tumors and potentially other diseases that require
NK-cell and CD8+ T cell immunity such as viral infections.

Materials and methods
Mice

Wild-type (WT) C57BL/6 (B6) mice were purchased from Charles River Laboratories
(Wilmington, MA) or Taconic Farms Inc. (Germantown, NY). Ceacam1−/− (KO) mice on
the C57BL/6 background have previously been described [43]. All mice were used between
8 and 12 weeks of age. Mice were maintained under specific pathogen-free conditions at the
Harvard Center for Comparative Medicine at Harvard Medical School. All animal
experimentation was performed in accordance with the Institutional Animal Care and Use
Committee (IACUC) at Harvard Medical School, which granted permission for this study.

Cell lines
MC38, B16F10, Yac-1, and P815 cells were from the ATCC (Manassas, VA). MICA*0019-
expressing 721.221 cells were constructed as previously described [53] and MC38-silenced
cells have been previously reported [39]. All cells were cultured in RPMI-1640 medium
supplemented with 10% FBS, ampicillin, streptomycin, 10 mM HEPES, and 3 μM β–ME.

NK cells and cytotoxicity assays
Mouse primary NK cells were isolated from mouse spleens and human primary NK cells
were purified from leukopacks (Kraft Family Blood Donor Center of the Dana-Farber
Cancer Institute and Brigham and Women’s Hospital) using the corresponding NK-cell
isolation kits (Miltenyi, Auburn, CA) according to the manufacturer’s instruction. The
human NK-cell line NK92 (kindly provided by Dr. Jack Strominger, Harvard Medical
School) and human primary NK cells were cultured in RPMI-1640 supplemented with 10%
FBS and 200 units/mL IL-2 (NIH). In some experiments, the effector cells were pretreated
with anti-NKG2D (Clone 191004 for mouse and Clone 149810 for human, R&D Systems,
Minneapolis, MN) blocking antibodies or anti-human CEACAM1 antibody (5F4) [54], as
indicated, for 30 minutes at 4°C. Antibody-redirected cytotoxicity assays were performed as
previously described [27, 54]. A standard 4-hour 51Cr (PerkinElmer, Waltham, MA) release
cytotoxicity assay and calculation of percentage of specific cytolysis were performed as
described previously [27].

Immunoprecipitation and western blotting
Immunoprecipitation (IP) and western blotting were performed as previously described by
using specific antibodies as indicated [27]. Anti-HLA-A, B, C antibody (Clone W6/32,
BioLegend) was used as control. For Vav dephosphorylation, NK92 cells were stimulated
with 2 μg/5×106 cells of anti-NKG2D antibodies (1D11, eBioscience, San Diego, CA)
followed by cross-linking with a F(ab)2 of goat anti-mouse Ig (Jackson ImmunoResearch,
PA) for 2 minutes. To remove antibodies, cells were washed twice with 100 mM glycine
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containing 50 mM NaCl (pH 3) and subsequently washed in PBS. The cell lysates were
immunoprecipitated either with anti-Vav1 (Cell Signaling Technology, Danvers, MA) or
with anti-human CEACAM1 (5F4) antibodies or control mouse IgG of the relevant isotype.
Anti-Vav immunoprecipitates were mixed with either anti-human CEACAM1 or mouse IgG
immunoprecipitates in phosphatase buffer for 30 minutes. Samples were analyzed by
immunoblotting with an anti-phospho-Vav1 specific antibody (Invitrogen, Carlsbad, CA).

RNA silencing, detection
The methods for silencing expression of CEACAM1 have been previously reported [39].
CEACAM1 isoforms were identified as previously described [18] by RT-PCR.

Antibody cross-linking assay
IL-2 stimulated human primary NK cells were stimulated with anti-human NKG2D antibody
(1D11, 2 μg/ml) and either anti-human CEACAM1 antibody (5F4) or control mouse IgG1
(MOPC) as indicated. These antibodies were cross-linked using F(ab)2 fragments (8 μg/ml)
from goat anti-mouse Ig (Invitrogen) or control goat anti-rabbit Ig (Invitrogen). After 24
hours, the quantity of human IFN-γ in culture supernatants was measured by ELISA (BD
Biosciences) according to the manufacturer’s instructions.

Confocal microscopy
NK92 cells were incubated with FITC-conjugated anti-human NKG2D (eBioscience) with
either biotin-labeled anti-human CEACAM1 or anti-CD45 (eBioscience) antibodies on ice
for 1 hour. After removal of free antibodies by washing three times with PBS the cells were
transferred to 37°C for 30 minutes, fixed with 4% paraformaldehyde, permeabilized with
0.2% saponin, and then stained with rhodamine-conjugated streptavidin. The slides were
analyzed on the workstation of a Nikon TE2000-E inverted microscope coupled to a Perkin-
Elmer spinning disk confocal unit and an Orca AG cooled CCD camera (from Hamamatsu)
with a Plexiglas chamber enclosing the stage for control of the sample environment
(temperature and humidity).

Flow cytometry
For CEACAM1 expression analysis, cells were incubated with mouse anti-mouse
CEACAM1 monoclonal antibody (CC1) [55], (a gift kindly provided by Dr. K. Holmes,
University of Colorado, Denver) or mouse anti-human CEACAM1 monoclonal antibody
(5F4) for 20 minutes followed by FITC-conjugated rat anti-mouse IgG1 (Jackson
ImmunoResearch). For detection of NKp46 and Ly-49 surface expression, cells were stained
with anti-NKp46 (BD Pharmingen), Ly-49 C/I/F/H (eBioscience) antibodies, and anti-
NK1.1 antibody (BD Pharmingen) for 30 minutes.

Statistics
A student’s t test (paired, two tailed) was used to determine significance. A P value of less
than 0.05 was considered as significant.
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Abbreviations

CEACAM1 Carcinoembryonic antigen-related cell adhesion molecule 1

CEACAM1-L CEACAM1 long cytoplasmic tail isoform

CEACAM1-S CEACAM1 short cytoplasmic tail isoform

CT cytoplasmic tail

E/T ratio effector/target ratio

IB immunoblot

MICA MHC class I chain-related gene A

NKG2D natural killer gene 2 group D

NKG2DL NKG2D ligand

Rae1 retinoic acid early inducible gene-1

shRNA short hairpin RNA

Vav guanine nucleotide exchange factor Vav
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Figure 1.
IL-2-induced CEACAM1 expression in mouse NK cells. (A) Flow cytometry analysis of
primary NK cells from Ceacam1−/− (KO) and WT mice that were cultured with IL-2 for the
indicated times. (B) Flow cytometry analysis for surface expression of NKp46 and Ly-49
receptors C/I/F/H on NK cells from CEACAM1 KO and WT mice. Histograms are gated on
the CD3-negative, NK1.1-positive cell population. All results are representative of three
independent experiments.
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Figure 2.
Downregulation of NKG2D function by IL-2 via induction of CEACAM1 expression on NK
cells. (A) 51Chromium release cytotoxicity assays for comparison of the cytolytic potential
of NK cells from CEACAM1 WT and KO mice. Effector NK cells were freshly isolated
from mouse spleens; target cells as indicated. (B) 51Chromium release cytotoxicity assays
for comparison of the cytolytic potential of NK cells from CEACAM1 WT and KO mice.
Effector NK cells: IL-2-cultured NK cells for 8 days, target cell: CEACAM1-non-silenced
MC38 cells. (C) 51Chromium release cytotoxicity assays for comparison of the cytolytic
potential of NK cells from CEACAM1 WT and KO mice. Effector NK cells: IL-2-cultured
NK cells for 8 days; target cells: CEACAM1-silenced MC38 cells. (D) Flow cytometry
analysis of CEACAM1 surface expression on CEACAM1-silenced MC38 (CCAM1Lo) and
CEACAM1-non-silenced MC38 cells (CCAM1Hi). (E) Anti-NKG2D blocking assay. NK
cells were pretreated with anti-NKG2D (5 μg/ml) and analyzed by 51Chromium release
cytotoxicity assays at an effector/target (E/T) ratio = 30:1. Effector NK cells: WT mouse NK
cells cultured with IL-2 for 8 days; target cells: CEACAM1-silenced MC38 (CCAM1Lo)
and CEACAM1-non-silenced MC38 cells (CCAM1Hi). (A–D) Data are shown as mean +
SEM of triplicate cultures and are from one experiment representative of three experiments
performed. *P < 0.05; **P < 0.01; Student’s t test.

Hosomi et al. Page 15

Eur J Immunol. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Engagement of CEACAM1 on human NK cells attenuates NKG2D-mediated cytotoxicity.
(A) Flow cytometry analysis shows the expression of CEACAM1 and NKG2D on NK92
cells. (B) RT-PCR results shows that NK92 cells predominantly express CEACAM1-L.
CEACAM1-L and -S: corresponding cDNA plasmids for positive controls; NK92: NK92
RNA. (C) 51Chromium release cytotoxicity assay to reveal that engagement of CEACAM1
by anti-human CEACAM1 antibody (5F4) under previously described cross-linking
conditions with goat anti-mouse IgG [28] decreases NKG2D-mediated cytotoxicity.
Effector: NK92 cells, target: MICA-transfected 721.221 cells. Data are shown as mean +
SEM of triplicate cultures. Effector/target ratio was 0.7:1. (A–C) Data shown are
representative of four independent experiments. (D) Flow cytometric analysis of primary
human NK cells which were cultured with IL-2 for the indicated times. Filled histogram =
isotype control. Solid line = CEACAM1. (E) Antibody-redirected cytotoxicity assay in the
presence of the anti-human NKG2D antibody (2 μg/ml) with anti-human CEACAM1
antibody or control mouse IgG1 (indicated concentrations). Data are shown as mean + SEM
of triplicate cultures. Effector: primary human NK cells treated with IL-2 for 12 days, target:
P815 cells. E/T ratio was 20:1. (F) Anti-human CEACAM1 antibody inhibits IFN-γ
production by human NK cells in response to IL-2 and anti-human NKG2D antibody
stimulation. The IL-2 treated primary human NK cells were stimulated with mouse anti-
human NKG2D antibody (4 μg/ml) and either mouse anti-human CEACAM1 antibody or
control mouse IgG1 (indicated concentrations) in the presence of F(ab′)2 fragments (8 μg/
ml) from goat anti-mouse Ig or control goat anti-rabbit F(ab′)2 fragments for 24 hours. IFN-
γ levels in culture supernatants were measured by ELISA and are shown as mean + SEM of
triplicate wells. (D–F) Data shown are representative of two independent experiments
performed. *P<0.05; **P<0.01, paired, two-tailed Student’s t test.
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Figure 4.
NKG2D association with CEACAM1 in NK92 cells. (A) Confocal microscopy analysis
shows that after stimulation NKG2D co-localizes and co-internalizes with CEACAM1, but
not CD45, (as demonstrated by yellow staining) in NK92 cells. Scale bar: 5 μm. (B)
Immunoblot (IB) results show that NKG2D associates with CEACAM1, but not HLA-A, B,
C. IP: immunoprecipitation. All results shown are representative of three experiments
performed.
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Figure 5.
CEACAM1 recruits SHP1 to attenuate NKG2D-dependent cytolytic signaling. (A)
Immunoblot (IB) results show that anti-human CEACAM1 antibody, but not control Ig, co-
immunoprecipitates (IP) SHP-1 from anti-human NKG2D-stimulated NK92 cell lysates. (B)
CEACAM1-associated SHP1 dephosphorylates Vav1. The immunoblot (IB) results show
that anti-human CEACAM1 but not control Ig immune complexes from the lysates of anti-
human NKG2D-stimulated NK92 cells dephosphorylate Vav1 immunoprecipitated by anti-
Vav specific antibody. (C) Co-engagement of CEACAM1 and NKG2D for 5 min inhibits
phosphorylation of Vav1 as well as downstream elements. The immunoblot (IB) shows that
co-engagement of NK92 by anti-human CEACAM1 monoclonal antibody, but not control
Ig, inhibits anti-human NKG2D-induced phosphorylation of Vav1 and JNK as evaluated by
corresponding phospho-specific antibodies. (A–C) Results shown are representative of four
experiments performed.
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