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Summary
The DAP10 and DAP12 signaling subunits are highly conserved in evolution and associate with a
large family of receptors in hematopoietic cells, including dendritic cells, plasmacytoid dendritic
cells, neutrophils, basophils, eosinophils, mast cells, monocytes, macrophages, natural killer cells,
and some B and T cells. Some receptors are able to associate with either DAP10 or DAP12, which
contribute unique intracellular signaling functions. Studies of humans and mice deficient in these
signaling subunits have provided surprising insights into the physiological functions of DAP10
and DAP12, demonstrating that they can either activate or inhibit immune responses. DAP10- and
DAP12-associated receptors have been shown to recognize both host-encoded ligands and ligands
encoded by microbial pathogens, indicating that they play an important role in innate immune
responses.
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Introduction
The innate immune system relies on receptors that recognize molecules present in
pathogens, but not in the host (i.e. non-self), and receptors that detect host-encoded
molecules that are induced or altered as a consequence of infection. The ligand-binding
domains of many of the innate immune receptors have been preserved during evolution to
detect conserved structures shared by pathogens, as best exemplified by the Toll-like
receptors (TLRs). However, other innate immune receptors, such as the killer
immunoglobulin-like receptor (KIR) and Ly49 receptors on natural killer (NK) cells,
demonstrate remarkable diversity in their ligand-binding domains and are rapidly evolving,
presumably being driven by pathogens (1), as well as by metamorphosis in the host’s major
histocompatibility complex (MHC) molecules that are also adapting to microbial pathogens.
While changes in the ligand-binding domains of the innate receptors are essential if their
pathogen-encoded or host ligands are evolving, the signaling elements of the innate
receptors can be conserved and are often shared between families of receptors.

A common strategy used by immune receptors, both of the innate and adaptive immune
systems, is to dissociate ligand-binding and signal-transducing elements into separate
subunits that are assembled into multi-subunit complexes. This allows the genes encoding
the ligand-binding proteins to mutate and diversify as necessary while preserving the
signaling functions. Moreover, this allows a conserved signaling subunit to be shared by

Correspondence to: Lewis L. Lanier University of California San Francisco Department of Microbiology and Immunology and the
Cancer Research Institute 513 Parnassus Avenue, Box 0414 HSE 1001G San Francisco, CA 94143-0414, USA Tel.: +1 415 514 0829
Fax: +1 415 502 8424 lewis.lanier@ucsf.edu.

NIH Public Access
Author Manuscript
Immunol Rev. Author manuscript; available in PMC 2010 January 1.

Published in final edited form as:
Immunol Rev. 2009 January ; 227(1): 150–160. doi:10.1111/j.1600-065X.2008.00720.x.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



receptors with different ligand-binding specificities. In the adaptive immune system, the
CD3 signaling subunits of the T-cell antigen receptor (TCR) and the CD79 subunits of the
B-cell antigen receptor (BCR) are used by the thousands of rearranged TCRs and surface
immunoglobulins that comprise the host’s repertoire of antigen-specific receptors. The
conserved signaling element in the CD3 and CD79 subunits is the immunoreceptor tyrosine-
based activation motif (ITAM), which is defined as (D or E)xxYxx(L or I)X6–8Yxx(L or I)
[where x designates any amino acid and X6–8 denotes any 6 to 8 amino acids between the
two Yxx(L or I) modules]. TCR or BCR crosslinking results in phosphorylation of the
tyrosines in the ITAMs by Src family kinases, which then recruit and activate the ζ-
associated protein of 70 kDa (ZAP70) or Syk tyrosine kinases, which are responsible and
necessary for TCR and BCR signal transduction, respectively.

DAP12
ITAMs likely evolved before the advent of adaptive immunity, because ITAM sequences are
also found in signaling proteins and receptors of cells in the innate immune system. Two
ITAM-containing signaling proteins that are abundantly expressed in myeloid cells and NK
cells are FcεRIγ (often designated FcRγ) (2) and DAP12 (3). Like CD3ζ (4), FcRγ and
DAP12 have a minimal extracellular region, mainly consisting of a cysteine residue that
permits the creation of disulfide-bonded homodimers of FcRγ and DAP12, which have no
ligand-binding capacity. Intracellularly, FcRγ and DAP12 have no signal-transducing
elements other than a single ITAM, which after tyrosine phosphorylation recruits and
activates Syk in myeloid cells and Syk and ZAP70 in NK cells (reviewed in 5). Also like the
CD3 and CD79 subunits, FcRγ and DAP12 have an acidic amino acid (aspartic acid)
embedded within their transmembrane region that allows these subunits to form stable, non-
covalent complexes with their associated receptors. The receptors usually have an oppositely
charged amino acid (arginine or lysine) in the same relative location in their transmembrane
regions for pairing with FcRγ or DAP12. Orthologs of the gene encoding DAP12,
designated TYROBP, have been identified in mammals [e.g. humans (3), chimps (GenBank
NP_001077092), Rhesus monkey (GenBank NP_001028039), pigs (6), cows (7), water
buffalo (GenBank ABO70007), sheep (GenBank EU370549), pigs (GenBank AAF77183),
dogs (GenBank XP_533687), mice (3), and rats (GenBank NP_997690)), amphibians (frogs,
GenBank EF431894), and fish, i.e. zebrafish (8) and Fugu (9)]. DAP12 has remained
remarkably conserved (Fig. 1), demonstrating that it provides essential signaling functions in
most vertebrates.

DAP10
Another signaling subunit, DAP10, which is broadly expressed in the innate immune
system, was identified by its similarity to DAP12 in the transmembrane region (10).
Remarkably, the gene encoding DAP10 (HCST) is adjacent to DAP12 in the genome (the
DAP12 and DAP10-encoding genes are separated only by 130 nucleotides in the human
genome) but in the opposite transcriptional orientation. DAP10-encoding genes have been
identified in mammals (7,10,11), amphibians (9), and fish (8,9) (Fig. 1). The DAP10- and
DAP12-encoding genes in zebrafish are adjacent in the genome, indicating that DAP10 and
DAP12 have been preserved as a pair for millions of years and that they likely arose by
duplication from a common more ancient gene. Like DAP12, DAP10 has a minimal
extracellular region, but it also has a conserved cysteine to create a disulfide-bonded
homodimer. Despite this similarity, disulfide-bonded heterodimers between DAP10 and
DAP12 subunits have not been observed in humans or mice. The distribution of DAP10 and
DAP12 in hematopoietic cells is largely overlapping, with both being present in essentially
all myeloid cells and NK cells in mice and humans. One significant difference is the
expression of DAP10 in CD8+ T cells, which rarely express DAP12. All human CD8+ T
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cells constitutively express DAP10, and in mice DAP10 is present in all activated CD8+ T
cells.

The signaling function of DAP10 is distinct from DAP12, in that the only signaling motif in
the short cytoplasmic domain of DAP10 is a YINM sequence, which after tyrosine
phosphorylation allows the binding of phosphatidylinositol-3 kinase (PI3K) and a Grb2 -
Vav1 – son of sevenless 1 (SOS1) complex (reviewed in 5). This YINM motif is similar to
the motif in CD28, which provides for costimulatory signaling in conjunction with the
ITAM-based TCR/CD3 complex in T cells. Thus, DAP10 might be serving an analogous
function to CD28 for DAP12-associated receptors.

Receptors associating with DAP12 and DAP10
The aspartic acid residue centrally located within the transmembranes of the DAP10 and
DAP12 proteins provided the initial hint that they might be associated with transmembrane-
anchored receptors to provide signaling function (3,10). Prior biochemical analysis of an
activating receptor in the KIR gene family expressed on human NK cells and an activating
Ly49 receptor on mouse NK cells had shown co-immunoprecipitation of a small protein
designated KARAP (12) or pp16 (13), which subsequently was shown to be encoded by
DAP12 (3,14). Based on its structure, DAP10 was predicted to associate non-covalently
with ligand-binding receptors and was confirmed by co-transfection and co-
immunoprecipitation to associate with the orphan human NKG2D receptor expressed on NK
cells and CD8+ T cells (10,15). Mutation of the aspartic acid in the transmembrane of
DAP10 or DAP12 ablates their ability to pair with the associated receptors, and reciprocally,
mutation of the lysine or arginine in the receptors prevents assembly with these signaling
subunits. In the decade since discovery of DAP10 and DAP12, numerous receptors have
been identified that signal through these subunits, and we are beginning to appreciate their
biological relevance, including roles in bone development and neural function as well as
innate immunity.

DAP12-associated receptors
Although initially studied in the quest to explain NK cell activation by the KIR and Ly49
receptors, the broad distribution of DAP12 immediately suggested a more general role for
this protein in immune responses. Indeed, the original DAP12 cDNA was identified from a
human dendritic cell library, and DAP12 transcripts are abundantly present in plasmacytoid
dendritic cells, dendritic cells, neutrophils, basophils, eosinophils, monocytes, macrophages,
microglial cells, and osteoclasts, as well as NK cells and a subset of NKT cells and γδTCR+

T cells. In addition, low amounts of DAP12 are detectable in B cells (16). Although not
expressed in most αβTCR+ CD4+ and CD8+ T cells, subsets of αβTCR+ CD4+ and CD8+ T
cells expressing DAP12 have been reported (17-19), in some cases correlated with
autoimmune T cells. As summarized in Table 1, numerous receptors have been identified
that associate with DAP12 in these different cell lineages. These receptors were discovered
either functionally, by expression cloning from cDNA libraries derived from different cells
and screened for their ability to express DAP12 on the cell surface in 293T cells (“DAP
trapping”) (20-24), or by computational methods to identify candidate receptors with basic
amino acids centrally located within their transmembrane regions or by homology with
receptors previously shown to associate with DAP12 (3,14,25-28).

The DAP12-associated receptors expressed by NK cells include members of the human KIR
gene family and mouse Ly49 gene family (3,14,29-37), as well as the mouse and human
CD94-NKG2C heterodimeric receptors (25,38) and the human NKp44 receptor (39) present
on activated NK cells (Table 1). The KIR and Ly49 receptors are expressed on overlapping
subsets of NK cells, providing a diverse repertoire within the NK cell population. Whereas
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DAP12-associated KIR and CD94-NKG2C receptors have been detected on subsets of
human T cells, typically with an effector or memory phenotype, DAP12-associated Ly49
receptors are rarely detected on mouse T cells, even after in vivo activation (40).
Wucherpfennig and colleagues (41) have investigated the stoichiometry of these DAP12-
associated NK cell receptors and determined that the KIR2DS2 monomer associates with
one DAP12 homodimer. Similarly, one DAP12 homodimer assembles with each CD94-
NKG2C heterodimer through interactions between the oppositely charged residues in the
transmembranes of DAP12 and NKG2C (41). The multimeric nature of these complexes
might have evolved to optimize signal transduction by providing two ITAMs for each
ligand-binding receptor.

The CD94-NKG2C-DAP12 receptor complex (25) recognizes as ligand a non-classical
MHC class I protein, human leukocyte antigen-E (HLA-E) in humans (42) and Qa1b in mice
(38). Some, but not all, of the DAP12-associated KIR and Ly49 receptors have been shown
to recognize HLA-C or H-2 ligands (43), although the interactions appear weak and the
physiological relevance has not been established, other than demonstrating that NK cells
expressing the Ly49D-DAP12 receptor can mediate rejection of allogeneic bone marrow
grafts in certain mouse stains (44,45).

Physiological ligands for NKp44 have not yet been identified, but presumably self-antigens
interacting with NKp44 exist based on the ability of anti-NKp44 mAbs to block NK cell-
mediated lysis of certain tumor cell lines and the ability of recombinant NKp44 fusion
proteins to bind many different tumor cell lines (39,46). This putative NKp44 ligand appears
to be broadly distributed in many cell types. Mice do not possess an NKp44 ortholog, thus
rendering in vivo studies of this receptor in cancer or infectious diseases difficult.

Numerous receptors associating with DAP12 have been identified in mouse and human
myeloid cells, including monocytes, macrophages, microglial cells, dendritic cells,
plasmacytoid dendritic cells, mast cells, basophils, eosinophils, and neutrophils (Table 1). In
some cases, these genes are conserved in mice and humans, and in other cases they are
species-specific, implying that evolutionary pressures are shaping the repertoire of these
receptors. Like the KIR and Ly49 receptor families, some of these DAP12-associated
receptors on myeloid cells are members of a small gene family in which highly homologous
genes possess immunoreceptor tyrosine-based inhibitory motifs (ITIMs) [e.g. the paired
immunoglobulin-like receptor (PILR) (47), signal regulatory protein (SIRP) (48), CD200
(23,49), myeloid-associated immunoglobulin-like receptor (MAIR) (50-52), CD300 (53-55),
Siglec (56), and triggering receptor expressed by myeloid cells (TREM) (28,57,58)] gene
families, whereas other receptors are encoded by a single gene without a closely related
ITIM-encoding gene (e.g. CLEC5A) (20). In most cases, ligands for these DAP12-associated
receptors on myeloid cells have not been identified. However, certain receptors have been
shown to recognize carbohydrates as ligands. In particular, the PILRB receptors bind to
sialylated O-linked sugars (24,59), Siglec-14 binds α2-8-linked oligo Neu5A (56), and
Siglec-15 recognizes Neu5Ac2-6GalNAca (60). As yet, the physiological significance of
carbohydrate binding by these receptors has not been revealed and awaits further
experimentation to illuminate their functions.

DAP10-associated receptors
Human NKG2D was the first receptor identified to associate with DAP10 (10), and the
receptor complex is a hexamer, composed of one NKG2D homodimer assembled with two
DAP10 homodimers (61). Subsequently, it was determined that in mice two alternatively
spliced transcripts of NKG2D exist encoding a NKG2D-Long (L) protein that pairs
exclusively with DAP10 and a NKG2D-Short (S) protein, lacking 13 amino acids in the
cytoplasmic domain compared with NKG2D-L, that promiscuously pairs with either DAP10
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or DAP12 (62,63). Although not yet proven experimentally, based on the prior studies of
Wucherpfennig and colleagues, it seems likely that a subset of mouse NKG2D-S receptor
complexes might be comprised of one NKG2D-S homodimer paired with one DAP10
homodimer and one DAP12 homodimer. Resting mouse NK cells predominantly (but not
necessarily exclusively) transcribe NKG2D-L, whereas activated mouse NK cells transcribe
both NKG2D-L and NKG2D-S. At the protein level, resting NK cells in DAP10-deficient
(Hcst–/–) mice express little or no detectable NKG2D on the cell surface of NK cells (63,
author’s unpublished observations). After activation in vitro or in vivo, NKG2D (presumably
NKG2D-S – DAP12) is expressed transiently on the cell surface of DAP10-deficient NK
cells but is not expressed on activated DAP10-deficient CD8+ T cells (presumably due to the
lack of DAP12 in resting and activated CD8+ T cells)(63, author’s unpublished
observations). In contrast, human NKG2D associates only with DAP10 and is unable to pair
with DAP12, thus representing a species-specific difference between humans and mice with
respect to NKG2D signaling (64).

Several other receptors originally identified by their ability to associate with DAP12 also
appear capable of pairing with DAP10. For example, Ly49H and Ly49D were co-
immunoprecipitated with DAP10 from mouse NK cells and shown to associate with DAP10
when co-transfected into 293T cells, although the association of Ly49D and Ly49H with
DAP10 appeared less efficient than with DAP12 (65). By co-transfection studies, DAP10
has also been shown to associate with human Sirp-b1 in transfected rat RBL-2H3 cells (66).
Similarly, human and mouse Siglec-15 (60) and Cd300lb (55) have been shown by co-
transfection and co-immunoprecipitation to pair with either DAP10 or DAP12, but
apparently with a preference for DAP12. However, these associations with DAP10 have not
yet been shown in primary cells expressing Sirp-b1, Cd300lb, or Siglec-15.

The ability of certain receptors to pair with either DAP10 or DAP12 is likely due to the
similarity in the transmembrane domains of DAP10 and DAP12 [indeed, DAP10 was
originally identified because of the homology between its transmembrane and DAP12’s
transmembrane region (10)]. Wucherpfennig and colleagues (67) have reported that the
location of the charged residue (lysine or arginine) within the transmembranes of the
DAP12- or DAP10-associating receptors is critical for pairing with the aspartic acid residues
centrally located within the transmembrane of DAP10 or DAP12. Therefore, a very
surprising finding is that the MAIR-II (also named LMIR-2, DIgR1, or CMRF-35-like
molecule 4 receptor) apparently associates not only with DAP10 and DAP12 but also with
the FcRγ chain (51,68). The location of the aspartic acid residue in the transmembrane of the
FcRγ chain is more proximal to the extracellular region (Fig. 2), and typically the relative
position of the charged residues in the transmembrane region of the signaling subunit and
the associated receptor is critical to their interaction (69). The lysine is centrally located in
the transmembrane of MAIR-II (LMIR-2) so is expected to interact with DAP12 and/or
possibly DAP10. However, structurally how this centrally located lysine physically contacts
the aspartic acid of the FcRγ chain near the extracellular region is difficult to envision.

It is possible that a MAIR-II–DAP12 (or DAP10) complex might in fact be associating with
another unknown receptor in the cell that associates with FcRγ chain. As precedent, the
DAP12-associated receptor TREM2 is known to interact with plexin-A1, which in turn
interacts with Semaphorin 6D (70). Similarly, DAP12 associates with pDC-Trem, which
binds to plexin-A1 bound to Semaphorin 6D (71). Therefore, one might envision a FcRγ-
associated receptor that is able to interact with MAIR-II, in turn associating with DAP12 or
DAP10 to explain the apparent association between MAIR-II and FcRγ chain.

In the situations where both DAP10 and DAP12 have been shown to associate with a
receptor, the stoichiometry of these complexes has not been determined. In addition, if there
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is competition for binding to the receptor, the abundance of DAP10 versus DAP12 in a cell
and the relative affinity of the interactions between these signaling subunits and the receptor
are important considerations to understand the physiological relevance of the interactions.
Wucherpfennig and colleagues (67) have also noted that the extracellular regions of DAP10
or DAP12 might prevent association with certain receptors due to steric hindrance or render
the complexes unstable. Presumably steric hindrance caused by the 13 additional amino
acids in the cytoplasmic domain of mouse NKG2D-L prevents its association with DAP12
(62-64).

Recognition of microbial ligands
Many of the DAP10- or DAP12-associated receptors appear to recognize host-encoded
molecules, including both carbohydrate and protein ligands. In the case of NKG2D, these
ligands [e.g. the MHC class I chain-related gene A (MICA), MICB, and UL16-binding
protein (ULBP) and RAET-1 proteins in humans and Rae-1, H60, and murine UL16-binding
protein-like transcript-1 (MULT1) proteins in mice] are absent in healthy cells or are
sequestered intracellularly until induced by cell stress, such as DNA damage or infection
with viruses or bacteria (reviewed in 5,72,73). However, other DAP10- or DAP12-
associated receptors can directly recognize microbial ligands. The best-characterized
example is recognition of the mouse cytomegalovirus (MCMV)-encoded glycoprotein m157
by Ly49H (73,74). m157 is a GPI-anchored glycoprotein with homology to MHC class I
(75), which is displayed on the surface of MCMV-infected cells, resulting in activation of
Ly49H+ NK cell-mediated cytotoxicity and cytokine protection that protects the host.
Another DAP12-associated receptor, Ly49P, also recognizes MCMV-infected cells. Unlike
recognition by Ly49H, Ly49P only recognizes MCMV-infected cells expressing H-2Dk,
demonstrating that Ly49P recognition is MHC-restricted, although as yet the viral ligand
modifying H-2Dk has not been identified (30).

DAP12-associated receptors on myeloid cells have also been implicated in recognition of
microbial ligands. Recently, Clec5 (MDL-1) has been shown to bind to Dengue virus virions
(76). Whether Clec5 (a member of the C-type lectin superfamily) interacts with protein or
carbohydrate ligands on Dengue virus has not been determined. Much of the pathology
caused by Dengue virus infection results from a cytokine storm initiated by binding of
Dengue virus to macrophages expressing Clec5, which can be prevented by using a blocking
anti-Clec5 monoclonal antibody (76), thereby providing a new therapeutic opportunity for
treating this disease.

Microbial ligands have also been suggested for the DAP12-associated Trem2 receptor.
Seaman and colleagues have shown that Trem2 binds to a variety of microbial products,
including lipopolysaccharide (LPS), a variety of Gram-positive and Gram-negative bacteria,
and yeast (77), and can contribute to the immune response against Salmonella in a mouse
model (78). In addition to microbial ligands, Trem2 also binds undefined host-encoded
ligands on macrophages (79). The binding of Trem2 to such a diverse variety of ligands
suggests that these interactions might be charged-based, given the ability of anionic
microbial products to block the binding of recombinant Trem2 proteins to both host-encoded
and microbial ligands (77). Similarly, a recent study has reported binding of recombinant
NKp44 to Mycobacteria and Pseudomonas, suggesting that the DAP12-associated NKp44
receptor, which is expressed on activated human NK cells and a subset of plasmacytoid
dendritic cells, might also be a microbial pattern recognition molecule (80). NKp44, which
does not exist in mice, is quite similar in structure to mouse Trem2 (39).

Another Trem family member, Trem1, has been implicated in septic shock. Colonna and
coworkers (81) demonstrated that septic shock induced by cecal ligation or LPS could be
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attenuated by administering a Trem1-Fc fusion protein. Presumably, DAP12-mediated
signaling through Trem1 augments LPS-induced TLR-dependent activation – contributing to
disease pathology. Whether Trem-1 recognizes a microbial ligand or a LPS-induced host-
encoded ligand has not been determined. Nonetheless, these studies clearly indicate that
DAP12-associated receptors contribute to the innate response against microbes.

Signal transduction: evidence for positive and negative regulation
The only signaling element in the cytoplasmic domain of DAP12 is an ITAM, which has a
well-defined downstream signaling cascade that is also used by the ITAM-signaling subunits
of the BCR, TCR, and FcR (reviewed in 5). Mutation of either tyrosine in the ITAM of
DAP12 abrogates its biological activity, as does abrogation of Syk or ZAP70, the tyrosine
kinases binding to phosphorylated DAP12. Ligation of receptors signaling through ITAM-
bearing subunits typically initiates cellular activation, resulting in the production of
cytokines and triggers degranulation in cytolytic effector cells. A surprising finding was that
in some cases DAP12 could suppress the activation of macrophages or dendritic cells
stimulated through TLRs, inhibiting the production of pro-inflammatory cytokines such as
interleukin-6 (IL-6) and IL-12 (82,83). Trem2 mediates the DAP12-dependent suppression
of macrophages (79,84). The DAP12-associated receptors Siglec-H in mice (85) and NKp44
in humans (86) can also suppress the production of type I interferon by TLR-activated
plasmacytoid dendritic cells. By contrast, blocking the DAP12-associated NKp44 receptor
in NK cells partially inhibits killing of certain tumor cell lines expressing putative NKp44
ligands (39). As yet, the biochemical basis for the ability of DAP12 to either suppress or
activate an immune response, depending upon which receptor or cell type is involved, has
not been determined. The outcome might be influenced by the affinity or avidity of the
interaction between the DAP12-associated receptor and its ligands (reviewed in 87). For
example, Monteiro and colleagues (88) have shown that binding of monomeric IgA to the
FcRγ-associated FcαRI receptor recruits the tyrosine phosphatase SHP-1, which suppresses
immune responses, whereas aggregated, multimeric immunoglobulin A complexes cause
cellular activation. Therefore, it is possible that the nature of the ligand, as well as the
receptor involved and the cell type, will determine whether DAP12 activates or inhibits.

Signal transduction by DAP10 is mediated by its cytoplasmic YINM motif, which after
tyrosine phosphorylation recruits PI3K or a Grb2 – Vav1 – SOS1 signaling complex
(reviewed in 5). Horng et al. (89) have proposed that DAP10 is coupled with the IL-15
receptor and that Janus kinase 3 (Jak3), recruited and activated by IL-15, is responsible for
phosphorylation of DAP10. The biological roles of DAP10 and DAP12 are distinct, in that
activation through DAP12-associated receptors potently induces the production of
cytokines, whereas DAP10 is much less efficient at this activity. DAP10 is generally
considered important for augmentation (‘costimulation’) of signals initiated through other
receptors. Although DAP10 has been clearly shown to mediate costimulation, for example
through NKG2D in activated CD8+ T cells (90,91), this is dependent on the activation status
of the T cells (92). The ability of DAP10 to activate the PI3K – Akt pathway suggests a role
in cell survival, although this has not been evaluated.

DAP10 and DAP12 deficiency
The initial clues about the physiological relevance of DAP12 emerged from the discovery of
humans with a recessive genetic disorder caused by loss-of-function of the TYROBP gene,
designated Nasu-Hakola disease or polycystic lipomembranous osteodysplasia with
sclerosing leukoencephalopathy (93). These patients present at adolescence with problems in
bone development and later develop dementia due to plaque formation in the central nervous
system (CNS). These same clinical symptoms are present in patients with a loss-of-function
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in the TREM2 gene, demonstrating that loss of Trem2 function is responsible for the disease
(94). The bone phenotype is likely caused by the defective function of osteoclasts lacking
Trem2 or DAP12 (95,96), whereas the brain pathology probably stems from dysfunctional
microglial cells, which are myeloid cells resident in the CNS that are the predominant cell
type expressing DAP12 and Trem2 (97). In DAP12-deficient mice, osteoclast development
and function are impaired (98-101). Takai and colleagues (98) have reported abnormalities
in the brains of their DAP12-null mice; however, we have not observed brain pathology in
our Tyrobp–/– mice (author’s unpublished observation).

Given the number of receptors that use DAP12 for signal transduction, it is quite surprising
that humans lacking DAP12 do not have problems resolving infections with viruses or
bacteria. Mice lacking DAP12 are more susceptible to MCMV infection because of a poorly
functioning Ly49H receptor (102); however, the plasmacytoid dendritic cells in DAP12-
deficient mice are hyper-responsive in mice infected with MCMV (103). Similarly, we
observed that macrophages from DAP12-deficient mice hyper-respond, producing higher
amounts of tumor necrosis factor (TNF), IL-12, and IL-6, when stimulated in vitro by
various TLR ligands. DAP12-deficient mice control infection with Listeria monocytogenes,
Mycobacterium bovis, and Mycobacterium tuberculosis better than wildtype mice (82,104,
author’s unpublished observations). NK cells in DAP12-deficient mice are also hyper-
responsive (103,105); however, this might be predominately due to hyperactive dendritic
cells and macrophages secreting elevated amounts of type I interferons and stimulatory
cytokines such as IL-12. Thus, the increased production of cytokines in response to TLR
signaling in the absence of DAP12 might compensate for the loss-of-function of the DAP12-
associated receptors in dealing with many infections. Future studies using mice with
conditionally deleted DAP12-encoding genes in myeloid cells or NK cells would be
informative to address this issue.

In humans lacking DAP12, DAP10 is expressed and functional (64,93). Therefore, the
receptors able to pair with either DAP12 or DAP10 would retain partial function in the
absence of DAP12 and perhaps contribute to immune responses against pathogens involving
these receptors. In mice lacking DAP10 (Hcst–/–), NKG2D-dependent immune functions are
impaired, including the ability to reject NKG2D-ligand bearing tumors and the ability to
reject bone marrow grafts, although the ability of mouse NKG2D to associate with DAP12
provides partial retention of NKG2D-mediated functions (63,106).

Interestingly, a hyper-response phenotype has been reported in DAP10-deficient mice,
reminiscent of the hyper-responsiveness in DAP12-deficient mice. Phillips and colleagues
(107) have shown that rejection of B16 melanomas is improved in DAP10-deficient mice,
attributed to the hyper-responsiveness of NKT cells because of defective CD4+ T-regulatory
cells in these animals. It is possible that in the absence of DAP10, receptors able to pair with
either DAP10 or DAP12 might preferentially pair with DAP12 and mediate stronger
activation. Further studies are warranted to define the receptors involved and the basis for
the phenotype in the DAP10-deficient mice.

Concluding remarks
More than 20 immune receptors in humans or mice have been shown to associate with
DAP10 or DAP12. Recent findings suggested that many of these receptors are promiscuous,
able to associate with either DAP10 or DAP12, at least in overexpression systems in vitro.
This raises intriguing questions about the relative contributions of these signaling proteins in
vivo in immune responses induced by the different receptors and in different cell types. Will
the relative abundance of DAP10 or DAP12 proteins dictate their association with these
receptors? Do DAP10 and DAP12 have different affinities for the different receptors and
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will they compete for association? In animals lacking DAP10 or DAP12 will the remaining
signaling subunit provide compensation or alter the cell’s development? Finally, how do the
downstream signaling pathways initiated by DAP10 and DAP12 intersect, and do they
provide any feedback circuitry to positively or negatively affect signaling by their receptors
or other independent receptor signaling pathways? Since DAP10 and DAP12 are highly
conserved during evolution and have been maintained in the genome as closely linked genes
for millions of years, it seems likely they have been preserved to provide important
functions for the innate and adaptive immune systems.
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Fig. 1. Conservation of DAP10 and DAP12 during evolution
Alignment of the protein sequences of DAP12 (A) and DAP10 (B). Sequences were
obtained from GenBank: Human DAP12, NP_003323; Mouse DAP12, NP_035792; Cow
DAP12, AAI26798; Xenopus DAP12, EF431894.1; Zebrafish DAP12, NP_001093573;
Human DAP10, NP_055081; Mouse DAP10, AAH69220; Cow DAP10, AAI42039;
Xenopus DAP10, AAP33502; and Zebrafish DAP10 ABO61031. Fugu sequences were
from Guselnikov et al. (9). The proteins were aligned starting with the conserved cysteine in
the extracellular region. Conserved cysteines in the extracellular region, the aspartic acid in
the transmembrane segment, and the conserved signaling motifs in the cytoplasmic domain
are in red.
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Fig. 2. Charged residues with the transmembranes of DAP10, DAP12, FcRγ, and their associated
receptors
Schematic representation of prototypical receptor complexes with relative location of the
charged residues within the transmembrane regions noted. Sequences of the transmembrane
regions of human DAP10, DAP12, and FcRγ are shown. The relative position of the aspartic
acid (D) in the transmembrane region is indicated, with the number indicating the distance in
amino acids below the outer surface of the cell.
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