
REVIEW

The phylogenetic origins of natural killer receptors
and recognition: relationships, possibilities, and realities

Jeffrey A. Yoder & Gary W. Litman

Received: 31 August 2010 /Accepted: 16 December 2010 /Published online: 30 December 2010
# Springer-Verlag 2010

Abstract Natural killer (NK) cells affect a form of innate
immunity that recognizes and eliminates cells that are
infected with certain viruses or have undergone malignant
transformation. In mammals, this recognition can be
mediated through immunoglobulin- (Ig) and/or lectin-type
NK receptors (NKRs). NKR genes in mammals range from
minimally polymorphic single-copy genes to complex
multigene families that exhibit high levels of haplotypic
complexity and exhibit significant interspecific variation.
Certain single-copy NKR genes that are present in one
mammal are present as expanded multigene families in
other mammals. These observations highlight NKRs as one

of the most rapidly evolving eukaryotic gene families and
likely reflect the influence of pathogens, especially viruses,
on their evolution. Although well characterized in human
and mice, cytotoxic cells that are functionally similar to NK
cells have been identified in species ranging from birds to
reptiles, amphibians and fish. Although numerous receptors
have been identified in non-mammalian vertebrates that
share structural relationships with mammalian NKRs,
functionally defining these lower vertebrate molecules as
NKRs is confounded by methodological and interpretive
complexities. Nevertheless, several lines of evidence
suggest that NK-type function or its equivalent has
sustained a long evolutionary history throughout vertebrate
species.
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Introduction

The vertebrate adaptive immune system somatically rear-
ranges genes encoding immunoglobulin (Ig) and T cell
antigen receptors (TCRs) in individual lymphocyte precur-
sors and then clonally selects and expands cell populations
bearing specific surface receptors, with essentially limitless
regionalized structural diversity and antigen recognition.
However, these de novo responses are associated with
significant temporal limitations. In marked contrast, innate
immune responses, which are mediated by many different
classes of molecules (e.g., Toll-like receptors (TLRs),
nucleotide-binding oligomerization domain-containing pro-
teins (NODs), and scavenger receptors) are expressed by a
variety of different cell types, possess generalized specificity,
and require neither a specific genetic rearrangement nor
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complex clonal selection. The signaling pathways that
regulate the innate immune response are linked to and can
directly augment adaptive immune responses. Of the many
potentially injurious challenges that confront a host organism,
those caused by certain viral infections or malignant transfor-
mation are of particular consequence. In both cases, an
alteration in a cell may not trigger a conventional innate
immune response; the time lag in effecting a protective
adaptive response could be fatal.

A particularly diverse collection of molecules and
corresponding signaling pathways are associated with
natural killer receptor (NKR) function in mammals. The
extensively characterized natural killer (NK) cells are
lymphocytes that are distinct from both T and B lineages
and mediate an alternative form of innate immunity, which
is triggered through receptors that recognize anomalies on
the surfaces of some tumor cells, e.g., changes in cell
surface glycoprotiens or certain bacterial and viral mole-
cules (particularly those deriving from herpes viruses). In
addition, receptors sense modulation (e.g., down regulation)
of the cell surface expression of major histocompatibility
complex (MHC) I associated with certain viral infections.
Upregulation of cell surface molecules, which are expressed
in response to stress, serves as the basis for another
mechanism of NK recognition. Other NK functions are
mediated by NKT lymphocytes that recognize CD1d with a
restricted repertoire of TCRs, express NKRs and, like NK
cells, produce cytokines upon receptor engagement (Bendelac
et al. 2007). NKT function is also mediated by non-
rearranging monomorphic molecules (e.g., NKp30) that
encode Ig V or C2 domains (Barrow and Trowsdale 2008).

The phylogenetic origins of NK-type immunity are of
great interest and NK-like cytotoxic cells capable of
effecting allogeneic killing in avians, amphibians, and fish
have been described (Gobel et al. 1994; Goyos and Robert
2009; Horton et al. 1996; Rogers et al. 2008; Shen et al.
2004; Stuge et al. 1997; Yoder 2004). A prevailing general
impression is that NK immunity is of ancient origin,
possibly predating adaptive immunity, with its obligatory
requirements of genetic rearrangement and selection of
appropriate receptors in individual somatic cell lineages
(Du et al. 2004; Khalturin et al. 2004; Lin et al. 2001;
Parrinello et al. 1993). Although NK or NK-like cytotoxic
cells have been demonstrated functionally in diverse
species, the molecular mechanisms that regulate these cells
are best understood in mammals. One of the challenges of
identifying the receptors that regulate cytotoxicity in non-
mammalian species is that despite the extensive character-
ization of NKR sequences and structures in mammals, the
receptors mediating NK immunity as well as other forms of
immune function in lower vertebrates, cannot be predicted
reliably (Litman et al. 2007), e.g., TLR4, which is
presumed to bind LPS in all eutherian (placental) mammals,

does not appear to bind LPS in zebrafish (Sepulcre et al.
2009; Sullivan et al. 2009).

Despite the paucity of functional information relating to
NK recognition in non-mammalian vertebrates, enabling of
genomes in a growing number of representative species has
identified individual genes and members of gene families
that exhibit varying degrees of homology to mammalian
innate immune receptors, including candidate NKRs.
Although, the recent and rapid evolution of NKRs makes
the orthology between mediators of NK function in higher
and lower vertebrates less than certain, structural features
and limited functional characterization of some molecules
suggest that several receptor types found in lower vertebrates
may mediate functions that are similar to those affected by
NKRs in higher vertebrates. This review will provide a
general background of NKRs in mammals but will focus
primarily on various forms of receptors that exhibit genetic
and structural relationships to known NKRs and are found in
representative non-mammalian vertebrate species as well as
discuss what, if any, inferences can be made regarding their
potential functions.

Functional analyses of NK cells

Mammalian NK cells possess the capacity to directly
recognize and kill tumor target cells without any prior
induction period, thus presenting a primary defense during
the mobilization of an adaptive immune response (Orr and
Lanier 2010). Mammalian NK cells induce apoptosis in
target cells by making direct contact with the target cell and
killing is perforin and granzyme mediated (Voskoboinik et
al. 2010). NK function in large part is defined by functional
assays that have been developed and validated over the past
three decades using a number of allogeneic and xenogeneic
NK target cell lines. These assays quantify the ability of
NK cells to induce cell death in target cells by monitoring
target cell lysis or apoptosis. Unfortunately, and unlike all
other hematopoietic cell types in gnathostomes, no cell
type-specific markers typify NK cells in all mammalian
species (Walzer et al. 2007b) and thus, basic cellular assays
take on particular significance when defining NK or NK-type
function in diverse species.

Diversity of mammalian NKRs

Mammalian NKRs can be classified into two groups based
on the physiological function of signaling motifs. Specifically,
NK function is mediated by inhibitory and activating NKRs
that bind ligands on the target cell surface and mediate release
of cytolytic granules. Inhibitory NKRs typically encode a
cytoplasmic immunoreceptor tyrosine-based inhibition motif
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(ITIM; (S/I/V/L)xYxx(I/V/L)) (Ravetch and Lanier 2000).
Activating NKRs typically possess a positively charged
residue within the transmembrane domain that associates
physically with an adaptor protein such as DAP12, which
encodes a negatively charged residue within the transmem-
brane domain and a cytoplasmic immunoreceptor tyrosine-
based activation motif (ITAM; YxxLX6–12YxxL/I) (Pitcher
and van Oers 2003) (Fig. 1). Upon ligand recognition,
activating NKRs initiate a signaling cascade (e.g., Syk/
ZAP70→PI3K→Rac→PAK→MEK→MAPK/ERK) that
leads to the production of cytokines and chemokines and
the release of cytolytic granules. In contrast, the signaling
initiated by inhibitory NKRs counters that of the activating
NKRs (Djeu et al. 2002; Lanier 2005). As the distribution of
these signaling motifs within immune receptors is particularly
broad, their utility for defining a receptor as a NKR is limited.

A second basis for classifying NKRs in mammals relates to
their extracellular protein domains, which correspond to
different gene complexes. The leukocyte receptor complex
(LRC) is located on human chromosome 19q13 and encodes
multiple Ig-type receptor families that are type I transmem-
brane proteins including the NKR family of inhibitory and
activating killer cell immunoglobulin-like receptors (KIRs;
Fig. 2). The human LRC includes additional Ig-type
receptors such as the leukocyte Ig-like receptors (LILRs or
LIRs) that also are known as Ig-like transcripts (ILTS), and
the leukocyte-associated Ig-like receptors (LAIRS) (Barrow
and Trowsdale 2008). Interestingly, the number of KIR
genes encoded at the LRC varies between primate species
(Fig. 3 and the Electronic supplementary material (Table S1))
as well as between individuals within a species. For example,
humans possess >130 unique KIR genotypes (Hollenbach et

Fig. 1 Model of mammalian natural killer receptor (NKR) signaling.
NK cells display both inhibitory and activating NKRs along with
adaptor proteins (e.g., DAP12 dimer). Ligand recognition by a
mammalian activating NKR will induce the ITAM in DAP12 to be
tyrosine phosphorylated, leading to the recruitment of the tyrosine
kinases Syk and ZAP70, which in turn activates a signaling cascade
that stimulates the production of cytokines and chemokines and the
release of the cytolytic granules. In contrast to activating NKRs,
ligand recognition by an inhibitory NKR induces its ITIM to be

tyrosine phosphorylated that in turn leads to the recruitment of the
tyrosine-specific SHP phosphatases: SHP-1 and SHP-2, or the
phospholipid-specific phosphatase, SHIP. In mammalian NK cells,
the recruitment and activation of SHP-1 and SHP-2 by inhibitory
NKRs can result in decreased phosphorylation of numerous intracel-
lular signaling proteins, including Syk and ZAP-70. Activating NKRs
typically bind non-polymorphic MHC-I- or MHC-I-related stress-
induced molecules and inhibitory NKRs typically bind polymorphic
MHC I. Not all activating NKRs partner with DAP12 (Fig. 2)
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al. 2010). In contrast, KIR diversity in a population of
macaques, which are geographically isolated on the island of
Mauritius, exhibit limited genetic diversity: only eight
common KIR haplotypes (encoding from three to six KIRs)
were identified in 274 macaques representing about 1% of
the population (Bimber et al. 2008). Whereas, primates
typically encode multiple KIRs, the grey mouse lemur, a
prosimian primate whose lineage diverged from other
primate lineages (including human) nearly 50 million years
ago (MYA), encodes only a single functional KIR (Averdam
et al. 2009). The number of KIR genes at the LRC of non-
primate mammals ranges from zero in the dog to more than
four in the cow (Fig. 4 and the Electronic supplementary

material (Table S1)) (Guethlein et al. 2007; Hammond et al.
2009). Mice do not encode any KIR genes at the LRC but do
encode a KIR and KIR-like genes on a different chromo-
some. The mouse LRC also encodes paired Ig-like receptors
(PIRs), which represent putative orthologs of human LILR
genes (Takai 2005).

The human LRC also encodes the single-copy Ig-type
natural cytotoxicity receptor gene, NKp46 (NCR1). The
other single-copy Ig-type natural cytotoxicity receptors
genes, NKp30 (NCR3) and NKp44 (NCR2), are encoded
on chromosome 6p21 (Fig. 2) (Barrow and Trowsdale
2008; Biassoni et al. 2001). Of these receptors, NKp46, is
the most conserved between mammalian species and it has

Fig. 2 Mammalian NKRs. Representative members of the human
KIR, human CD94/NKG2 and mouse Ly49 multigene families of
NKRs are shown along with examples of single-copy human NKRs;
NKp30, NKp44, and NKp46 (also known as natural cytotoxicity
receptors). Inhibitory NKRs possess cytoplasmic immunoreceptor
tyrosine-based inhibition motifs (ITIMs); activating NKRs possess a
positively charged transmembrane residue (+). Activating NKRs
utilize adaptor proteins with a negatively charged transmembrane
residue (−) (e.g. DAP12, DAP10, FcεRIγ, or CD3ζ) to effect
cytoplasmic signaling; although two DAP12, FcεRIγ or CD3ζ
adaptor proteins associate with an individual activating NKR only
one is shown (dimer model for DAP12 is shown in Fig. 1). The

exception is KIR2DL4 which possesses an ITIM, but signals via
FcεRIγ. Specific MHC I ligands have been defined for most KIR,
NKG2 and Ly49 receptors. NKp30 binds the tumor cell ligand B7-H6
and NKp46 binds viral haemagglutinins (HA). NKp46 can partner
with either CD3ζ or FcεRIγ. NKG2D can partner with either DAP10
or DAP12. All other NKG2 receptors hetero-dimerize with CD94.
More complete descriptions of the human and mouse NKRs and their
adaptors and ligands are available (Biassoni 2009; Brandt et al. 2009;
Call and Wucherpfennig 2007; Mandelboim et al. 2001; Yokoyama
and Plougastel 2003). CTLD C-type lectin domain, C2 C2 Ig domain,
V V Ig domain, MIC MHC class-I-related molecule, ULBP cytomeg-
alovirus UL16 binding proteins
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been reported as a “unifying marker” for NK cells across
mammalian species. A single NKp46 ortholog has been
described in multiple primates, cows, pig, sheep, dog, and
in multiple strains of mice. No NKp44 ortholog has been
reported in mice, in which NKp30 is a pseudogene (Walzer
et al. 2007a; Walzer et al. 2007b). These marked interspecific
variations, which will be further elaborated upon below,
underscore the likely functional redundancy within NKR
systems and are predictive of difficulties that may be
introduced in broader phylogenetic investigations of both
NKR structure and function. No evidence for orthologs of
the natural cytotoxicity receptors has been described outside
of eutherian mammals.

The natural killer complex (NKC) is located on human
chromosome 12 and mouse chromosome 6 and encodes
multiple lectin-type receptor families that are type II
transmembrane proteins and include the NKR family of
inhibitory and activating CD94/NKG2 receptors (Fig. 2).
CD94 forms heterodimers with various NKG2 receptors
such as NKG2A, NKG2B (which is a splice variant of
NKG2A), NKG2C, NKG2E, and NKG2H (which is a
splice variant of NKGE); by contrast, NKG2D is a
homodimer. The genomic organization of the CD94/
NKG2 family is relatively constant between primate and
rodent species with two exceptions, specifically: (1)
NKG2CE, which is predicted to represent the precursor
gene that gave rise to both NKG2C and NKG2E, is

encoded in several primates and (2) three CD94 and five
NKG2A/C/E-like genes have been described in the grey
mouse lemur (Fig. 3 and the Electronic supplementary
material (Table S1)). The number and organization of
CD94/NKG2 genes in the small number of non-primate
and non-rodent mammals that have been investigated varies
with NKG2D being the most conserved (Fig 3 and the
Electronic supplementary material (Table S1) and discussed
below). In addition to the CD94/NKG2 receptors, the NKC
of mouse includes the Ly49 family of lectin-type NKRs.
The number of Ly49 genes encoded at the NKC varies
between rodent species (Fig. 4 and the Electronic supple-
mentary material (Table S1)) as well as between strains of
mice (eight in BALB/c, 15 in C57BL/6, 19 in 129S6 and 21
in NOD). In contrast, the NKC of human and certain other
primates encodes a single Ly49L pseudogene (Fig. 3 and
the Electronic supplementary material (Table S1)) (Carlyle
et al. 2008; Yokoyama and Plougastel 2003). The expansion
of the Ly49 genes has been observed only in rodents and
horse (Fig. 4 and the Electronic supplementary material
(Table S1)). Despite the considerable intra- and interspecific
variation in gene number and complexity, a unifying theme
between the mammalian Ig-type and lectin-type NKRs is that
they are expressed on NK cells, bind MHC I or proteins that
share structural similarities with MHC I, and can inhibit or
activate target cell killing and/or cytokine release through
competing signaling pathways.

Fig. 3 Identification of NKRs in primates. Data are summarized from
the Electronic supplementary material (Table S1). Question marks
indicate genes that have yet to be reported as present or absent. Plus

sign indicates that additional genes are likely present. Strike-through
text indicates a pseudogene. Phylogenetic tree adapted from (Glazko
and Nei 2003)
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What can mammalian KIR and Ly49 genes inform
us about non-mammalian NKRs?

The characterization and cataloging of genomic and cDNA
sequences encoding KIRs and Ly49s from numerous
mammals, including human and mouse as well as other
primates, rodents, carnivores, ungulates and representative
marsupial and monotreme species has provided a wealth of
information about how NKRs have evolved within the
relatively narrow period of vertebrate phylogeny that is
represented by the mammalian radiations (Figs. 3 and 4 and
the Electronic supplementary material (Table S1)). The
extensive databases of receptor structures and functional
specificities provide a basis for understanding some of the
common features these receptors share with other immune

receptors encoded by multigene families as well as many of
the unique influences that shape the functional NK
repertoire.

In terms of the broad evolutionary focus of this review,
several points are of particular phylogenetic significance of
which the disparity in numbers and complexity of KIRs
relative to Ly49 is the most apparent. As alluded to above,
primates typically encode multiple KIR genes at the LRC
and a single, and commonly non-functional, Ly49 gene at
the NKC. In contrast, mice and rats encode multiple Ly49
genes at the NKC and a single or no KIR gene at the LRC.
Seals, sea lions and the grey mouse lemur possess a single,
intact and presumably functional KIR gene and a single,
intact and presumably functional Ly49 gene (Hammond et
al. 2009). In marked contrast, the dog lacks a KIR gene and

Fig. 4 Identification of NKRs in non-primate eutherian mammals.
Data are summarized from the Electronic supplementary material
(Table S1). NKR data for primate species are presented in Fig. 3.
Asterisk indicates that although mouse possess a KIR gene, it not
encoded at the LRC. Question marks indicate genes that have yet to be

reported as present or absent. Plus sign indicates that additional gene
are likely present. Strike-through text indicates a pseudogene. Not all
lineages are shown and species included are biased towards those with
described NKRs. Phylogenetic tree adapted from (Arnason et al. 2008)
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its single Ly49 lacks a conserved cysteine suggesting that
its function might be altered from other Ly49 receptors
(Gagnier et al. 2003; Hammond et al. 2009). Given the
relatively high level of variation, the significance of any
given NKR in terms of overall NK function across diverse
species is uncertain.

An evaluation of the KIR genotypes in higher verte-
brates led to a model in which a single ancient KIR gene
duplicated ∼135 MYA (predating the radiation of placental
mammals, after the genesis of the monotremes and
coincident with the emergence of marsupials) (Guethlein
et al. 2007; Parham et al. 2010). Depending on the lineage,
one duplicated KIR gene underwent an expansion leading
to multiple KIR genes in cow whereas the other duplicated
KIR gene underwent an expansion leading to multiple KIR
genes in primates. This model suggests that during the
evolution of pig and dog either one or both duplicated KIR
genes were lost. If this model is correct, it would suggest
that if an expansion of KIR genes outside of mammals is
observed, it would be reflective of a lineage-specific KIR
expansion rather than an overriding phylogenetic trend of
gain and loss of gene complexity. Balancing selection,
which factors in the maintenance of HLA class I polymor-
phism, likely accounts for both the haplotypic and allelic
complexity of KIRs (Gendzekhadze et al. 2009; Norman et
al. 2007). Of the many assumptions that have been drawn
from a very large data set, the studies in primates suggest
what may be one unifying theme, i.e., the diversity and
complexity of the KIR locus is related directly to variation
and complexity in their MHC I ligands; KIRs and their
MHC I ligands appear to be co-evolving (Parham et al.
2010). Given the considerable genomic information that has
been acquired for species that appear in phylogeny prior to
the mammals, NKRs in lower vertebrates might be
expected to exhibit complex haplotypic variation and differ
markedly between species. Furthermore, their overall
complexity may be correlated with complexity of MHC I
molecules. In this regard, it is important to note that MHC I
is conserved across jawed vertebrate species (Kulski et al.
2002) and the degree of MHC I polymorphism throughout
the jawed vertebrates may well be equivalent to that seen in
mammals (Flajnik 2002). As such, MHC I and potentially
MHC II, which also is conserved phylogenetically, remain
“general” candidates for NK receptor ligands among all
jawed vertebrates even though the receptor types that
recognizes these molecules may be structurally dissimilar.
It is critical to note that past successes in charactering
mammalian NKR-MHC I interactions have relied heavily
on dedicated cell lines, which are available for very few
lower vertebrate systems. Furthermore, ligand searches that
are based on recognition of recombinant MHC I structures
can be technologically cumbersome as appropriate folding
and certain expression densities are difficult to achieve

using routine cell transfection strategies since effective
presentation requires the presence of β2-microglobulin.
Finally, binding of molecules such as CpG by KIRs (Sivori
et al. 2010) underscores the importance of considering other
classes of potential ligands.

Genetic searches for NK-type receptors
in non-mammalian vertebrates

Given our current understanding of NK receptors in
mammals and paucity of functional assays that could be
applied in lower vertebrates, the most obvious, albeit
potentially misleading, means to search for NK orthologs
is based on nucleotide sequence identity/homology. On the
simple assumption that Ig-type molecules often mediate
immune-related functions, including at least certain forms
of NK reactivity, we and others have experimentally
targeted large families of Ig-type genes that do not represent
rearranging receptors or orthologous forms of molecules
that are not associated with NK function. Such approaches
are fraught with technical and interpretive complications.
As an example, in mammals there are many Ig gene
families, e.g., Fc receptors, which bear an overall general
resemblance to KIRs but effect very different functions.
Likewise, certain lectin-type receptors that function as
immune mediators are related to genes that exhibit
unrelated functions. Overlaps in structure and signaling
function preclude unequivocal assignments of orthology
(e.g., the C-type lectin domains of NKRs belong to the
group V family of C-type lectin proteins, but not all group
V proteins are NKRs). Parallel searches that seek to identify
monomorphic forms of NKRs are confounded by the very
rapid changes that occur in gene families that are
presumably under strong (immediate) selective pressure.

Notwithstanding these complications and noting that
sequence identity does not necessarily predict functional
homology, a number of approaches based largely on
molecular homology have been carried out, including: low
stringency library screens, degenerate primer PCR strategies
and genome screening analyses, including EST scanning. The
criteria that we propose to be characteristic of NKRs include:
(1) the molecule must to be expressed on NK cells, (2) the
receptor must play a role in differentiating between normal
and abnormal (e.g., infected, transformed, or stressed) cells,
(3) ligand engagement by the receptor must initiate a signaling
cascade within the NK cell, and (4) the signaling cascade must
influence cytotoxicity or another classic immune function
such as cytokine secretion. Whereas marsupials and monot-
remes exhibit receptors resembling NKRs of the eutherian
mammals, the vast majority of putative NKR-like molecules
identified below the phylogenetic level of mammals fall short
of meeting all of these conditions; however, certain molecules
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exhibit at least some major features of NKRs and are
discussed within the context of the species in which they
have been identified.

NKRs in marsupials and monotremes

Marsupials and monotremes diverged from eutherian
mammals ∼145 and ∼175 MYA, respectively (Miller
2010). It might be predicted that marsupials and monot-
remes would encode NKRs similar to eutherian mammals;
however, a paucity of KIR, Ly49 and CD94/NKG2 genes
has been observed in the genomes of opossum (marsupial)
and platypus (monotreme). Analyses of the platypus
genome identified no KIR genes and more than 213 lectin
domains that may represent NKRs; however, no clear
orthologs of Ly49 or CD94/NKG2 were reported (Warren
et al. 2008; Wong et al. 2009). Analyses of the opossum
genome identified 124 KIR/LILR-like Ig domains, no Ly49
genes, and only a single NKG2D ortholog (Belov et al.
2007; Hao et al. 2006). Opossum NKG2D is encoded at the
NKC along with eight additional C-type lectin receptors.
An opossum ortholog of MIC, a NKG2D ligand, has been
described (Belov et al. 2007). In contrast to KIR genes, the
CD94/NKG2 family (with the exception of NKG2D),
recognizes non-polymorphic, non-classical MHC I (Borrego
et al. 2006) and is more highly conserved between
mammalian species. The conservation of NKG2D in
primates, rodents, pig, cow, dog and opossum does not fit
the paradigm of a rapidly evolving NKR (as compared with
KIRs and Ly49 genes) and suggests specific selective
pressure to maintain its function.

CD94/NKG2 in chicken

Avian species diverged from mammalian species ∼326
MYA (Blair and Hedges 2005). More so then in other non-
mammalian species, the susceptibility of avians to numerous
pathogens as well as the genetic basis for susceptibility and
resistance to infectious disease have been characterized
extensively (Rogers et al. 2008); furthermore, unique aspects
of MHC I molecules in these species potentially could be
reflected in their NKRs (Kaufman et al. 1999). A single gene
exhibiting homology to CD94/NKG2, which displays
conserved synteny with the human and mouse NKC, is
located in a region of chicken chromosome 1 (Fig. 5)
(Chiang et al. 2007). Chicken CD94/NKG2 is physically
linked to orthologs of multiple genes located at or near the
NKC, including CD69, which represents an early activation
gene that also is present in the opossum. Although chicken
CD94/NKG2 and CD69 are group V C-type lectins, CD69
does not possess any obvious signaling motifs, is broadly

expressed across multiple tissues and unlikely to function as a
NKR. In contrast, chicken CD94/NKG2 is expressed primarily
in leukocytes and lung. The cytoplasmic tail of chicken CD94/
NKG2 encodes: GYTALNLRTPASDITDGYLSN, which
resembles but does not fully match the ITIM (S/I/V/L)
xYxxx(I/V/L) or the ITAM (YxxLX6-12YxxL/I) consensus
(Chiang et al. 2007); CD94/NKG2 may be an inhibitory,
activating or dual-signaling NKR. CD94/NKG2 in chicken is
related more to mammalian CD94 than to individual NKG2
family members. The presence of CD94/NKG2 below the
phylogenetic level of the avians is uncertain (see below) and
authentic Ly49 orthologs have not been identified outside of
eutherian mammals.

Other C-type lectins in all vertebrates

Additional candidate C-type lectin (group V) NKRs have
been identified on chicken chromosome 16 in the B locus,
which encodes the classical MHC, and in the Rfp-Y locus,
which encodes non-classical MHC genes (reviewed in
(Rogers et al. 2008)). A C-type lectin receptor encoded by
gene 17.5 in the chicken MHC Rfp-Y genomic region
shares sequence similarity with mammalian NK receptor
NKRP1 (aka CD161, NKLRB1) (Bernot et al. 1994). The
17.5 gene is predicted to encode a transmembrane receptor
with a single extracellular group V C-type lectin domain
that lacks the features of an activating or inhibitory NKR.
Y-Lec1 and Y-Lec2 represent additional group V C-type
lectin receptor genes in the Rfp-Y region and are similar to
17.5 in overall structure, including the lack of signaling
motifs (Fig. 5) (Rogers et al. 2003). Additional 17.5-like
genes have been identified (Bernot et al. 1994). The
expression of 17.5-like genes is elevated in spleen and a
lymphoblastoid cell line, which is consistent with lymphocyte
expression; weaker expression is detected in the thymus
(Bernot et al. 1994).

Chicken B-NK (NKr) and B-Lec genes represent
additional group V, C-type lectin receptors (similar to
17.5) that map to the chicken B locus (Fig. 5) (Kaufman
et al. 1999). B-NK shares sequence similarity to mamma-
lian NKRP1, encodes a cytoplasmic ITIM and is tran-
scribed actively by a NK cell line but not by B, T and
macrophage cell lines (Kaufman et al. 1999; Rogers et al.
2005). In contrast, B-Lec encodes a cytoplasmic endocyto-
sis motif, is transcriptionally activated by PMA and is more
similar to the group V C-type lectin early activation
antigens CD69, LLT1, and AICL (Rogers et al. 2005). A
different haplotype of B-NK and B-Lec seen in red jungle
fowl includes additional C-type lectin receptor genes,
suggesting that they underwent recent and rapid birth and
death events. Genomic sequences from quail reveal
multiple genes similar to B-NK and B-Lec as well as
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marked variation in gene numbers between haplotypes
(Hosomichi et al. 2006).

Bony fish (Osteichthyes) include the ray finned (Actino-
pterygii) and the lobe finned fish (Sarcopterygii). The ray
finned fish diverged from tetrapods ∼476 MYA and lobe
finned fish diverged from other tetrapods ∼430 MYA (Blair
and Hedges 2005). Functional assays have demonstrated
that teleosts possess cytotoxic cells capable of xenogeneic
and allogeneic recognition and killing (Evans et al. 1984;
Fischer et al. 2006; Moss et al. 2009; Shen et al. 2004;
Somamoto et al. 2004; Stuge et al. 1997). A candidate
lectin NKR, termed cichlid KLR (cKLR) was identified in
an EST screen of Paralabidochromis chilotes (a cichlid
fish). cKLR consists of a single extracellular C-type lectin
domain and a positively charged transmembrane residue.
cKLR is expressed in leukocytes and pharyngeal tissues but
not in 11 other tissues, including: erythrocytes, intestine,
kidney, and spleen (Sato et al. 2003). At least 28 cKLR
genes, of which at least half are predicted to be pseudo-
genes, were identified in Oreochromis niloticus, a related
cichlid species. Although complete sequences of only a few
cKLR genes are available, seven of eight identifiable

transmembrane domains possess a charged residue suggest-
ing a high density of activating receptors (Kikuno et al.
2004). Based on structural and sequence similarities, the
cKLRs were predicted initially to encode group V C-type
lectin domains, suggesting a relationship to mammalian
CD94/NKG2 genes (Sato et al. 2003); however, no
conserved synteny has been demonstrated between cKLRs
and mammalian NKRs. CD209 (DC-SIGN) in zebrafish,
medaka and fugu exhibits the highest similarity to cKLR
(3e−04 to 2e−10), suggesting that the cKLR genes may be
a derived feature in cichlid species (Yoder, unpublished
observations). In addition, the results from a whole genome
survey of the pufferfish Fugu rubripes reported no evidence
for group V C-type lectins in Fugu suggesting that,
perhaps, bony fish lack group V C-type lectin receptors
(Zelensky and Gready 2004). A phylogenetic comparison
of a cKLR lectin domain with 66 other groups II and V
lectin domains indicates that cKLR is actually a group II
lectin (Zelensky and Gready 2004). Additional group II
lectin receptors have been described in other fish species
that include inhibitory and/or activating forms (Panagos et
al. 2008; Soanes et al. 2004; Soanes et al. 2008; Zhang et

Fig. 5 Candidate avian (chicken) NKRs. Various group V lectin-type
receptors that map within the NKC (CD94/NKG2), near MHC-like
genes in the Rfp-Y region (17.5/Y-Lec family), and near the MHC B
locus (B-NK/B-Lec) have been identified in chicken. CD94/NKG2
and B-NK are the only chicken lectin-type receptors identified thus far
that possess inhibitory or activating motifs. Six representative chicken
Ig-like receptors (CHIRs) are shown and reflect the diversity of 84
CHIR genes characterized to date, including inhibitory CHIR-A,
activating CHIR-B and CHIR-AB, which possess putative inhibitory
and activating signaling motifs; certain CHIRs lack known signaling

motifs (e.g., CHIR-B6). CHIR-AB1 functions as an Fc receptor (for
IgY) and along with CHIR-A2, can partner with FcεRIγ. Asterisk
indicates that structures have been confirmed by analysis of EST or
cDNA sequences. C-type lectin domains (CTLDs), C2 Ig domains
(C2), positively charged transmembrane residues (+), cytoplasmic
immunoreceptor tyrosine-based inhibition motifs (ITIMs), immunor-
eceptor tyrosine-based activation motifs (ITAM), immunoreceptor
tyrosine-based switch motifs (ITSM), the YXXM activating motif,
and endocytosis signal motif (Endo) are indicated
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al. 2000) and although some of these receptors may
influence NK function, they are not reviewed here.

A cDNA encoding a C-type lectin protein, termed
BsCD94-1, was identified in a urochordate (Botryllus
schlosseri) and reported as a CD94-related receptor.
BsCD94-1 encodes a type II transmembrane protein with
a single extracellular lectin domain and lacks conventional
inhibitory or activating motifs. Southern blot analyses
reveal polymorphic variation and the possible presence of
additional homologous genes. Genomic sequence information
is not available to determine if the BsCD94-1 locus (or
possible gene cluster) is potentially syntenic to the mammalian
NKC (Khalturin et al. 2003). Initial phylogenetic analyses
suggested that BsCD94-1 is most related to mammalian
CD94, and NKGD, but subsequent phylogenetic analyses
with additional proteins suggest that BcCD94-1 is more
similar to CLEC5A (Sato et al. 2003).

Taken together, the evidence for a single CD94/NKG2
gene within the NKC in opossum and chicken and the
observation that Ly49 genes only have been identified in
eutherian mammals suggests that the expansion of these
genes may be specific to the mammalian lineage. No
convincing evidence has been presented for a syntenic
NKC in any species below chicken.

Ig-type NKRs in chicken

Although no clear orthologs of KIRs have been identified
outside of mammals, multiple Ig-type receptors that share
characteristics with KIRs have been identified in marsu-
pial (discussed above), avian, amphibian and fish species.
Chicken Ig-type receptors were identified in EST
database searches using a mouse PIR query, leading to
the identification of the chicken Ig-like receptors (CHIR)
that consist of activating (CHIR-A) and inhibitory
(CHIR-B) forms (Dennis et al. 2000). In addition, CHIRs
encoding cytoplasmic ITSMs as well as forms with a
charged transmembrane and cytoplasmic ITIM, termed
CHIR-AB, have been described (Fig. 5) (Nikolaidis et al.
2005; Viertlboeck et al. 2005). The chicken CHIR locus,
which is located on chromosome 32 and shares conserved
synteny with the human LRC, encodes 84 genes (35
CHIR-A, 26 CHIR-B, and 23 CHIR-AB), and 46
pseudogenes (Laun et al. 2006; Lochner et al. 2010;
Nikolaidis et al. 2005; Viertlboeck et al. 2005). By
contrast, 103 different nucleotide sequences encoding 98
different two Ig domain CHIR proteins have been
identified from an individual M11 chicken. A single R11
chicken revealed 76 different CHIR nucleotide sequences
encoding 70 different proteins, of which only three
are100% identical with the M11 animal (Viertlboeck et
al. 2010). The CHIR gene cluster is highly polymorphic

and likely is undergoing a recent and rapid evolution
(Lochner et al. 2010; Viertlboeck et al. 2010).

CHIR-B2 is expressed on the surfaces of B cells and a
subset of T cells. CHIR-AB1 is expressed on B cells, NK
cells, and monocytes/macrophages (Viertlboeck et al. 2004;
Viertlboeck et al. 2005; Viertlboeck et al. 2007). Expression
of CHIRs in B cells and monocyte/macrophages more
reflects a LILR than a KIR expression pattern in mamma-
lian NK cells. CHIR-AB1 is a high affinity receptor of
avian IgY (Arnon et al. 2008; Viertlboeck et al. 2007), and
other CHIR-AB1-like molecules also may bind IgY at
different relative affinities or mediate unrelated functions of
which NK activity cannot be ruled out (Viertlboeck et al.
2009).

MHC-linked Ig superfamily V genes in Xenopus

Amphibians diverged from mammals (e.g., amniotes) ∼370
MYA (Blair and Hedges 2005). The ease of in vitro
fertilization and the large and transparent nature of Xenopus
laevis embryos make this species a powerful developmental
model. NK-like cytotoxic cells capable of effecting allogeneic
killing have been identified in Xenopus (Horton et al. 1996)
and studies with thymectomized animals have defined an
NK cell population that is capable of allogeneic killing
(Horton et al. 2000; Horton et al. 2003; Rau et al. 2002).
Inbred MHC homozygous strains and gynogenetically
produced MHC-defined syngeneic clones of X. laevis
provide advantages for immunological investigations (Robert
and Ohta 2009). However, the genome of X. laevis is
pseudo-tetraploid and confounds both genetic mapping and
genome sequencing. Genomic efforts have focused on the
diploid species Xenopus tropicalis (Hellsten et al. 2010).

Six Xenopus MHC-linked Ig superfamily V genes
(XMIV) that are candidate Ig-type NKR genes, which
include both putative activating and inhibitory forms, have
been identified. Different Xenopus species possess XMIV
genes that encode either one or two V domains (Ohta et al.
2006) (Fig. 6). Genes encoding XMIVs and the human
natural cytotoxicity receptor NKp30 are located at the same
relative position within the MHC class III region; however,
there is only minimal sequence similarity between NKp30
and XMIV (Ohta et al. 2006). The expression patterns of
XMIV genes have not yet been determined.

Additional Ig-like receptor genes in Xenopus

Multiple cDNAs with weak identity to mammalian KIRs,
LILRs, PIRs and avian CHIRs also have been identified in
X. laevis and X. tropicalis. The Xenopus Ig-like receptors
(xILRs) possess one to three Ig domains and all forms
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identified thus far are predicted to encode activating
receptors (Fig. 6). Three xILR genes are expressed in skin,
kidney, testes, brain, intestine, spleen, liver and muscle; the
expression of a fourth xILR was detected primarily in:
testes, brain, intestine and spleen. Although the xILRs share
overall protein architecture with KIRs, LILRs, PIRs and
CHIRs (Guselnikov et al. 2010), their expression profiles
do not resemble those described for other NKRs.

Novel immune-type receptors in bony fish

Our initial efforts to detect NK-type receptors in bony fish
were founded on the postulate that some form of NK
recognition could be initiated by the V region of a cell
membrane-bound receptor that is neither an Ig nor a TCR
and would not undergo somatic diversification. Such a
receptor likely would be encoded in an extended gene
cluster. A strategy, based on short sequence homologies
(three to four amino acids), was developed that potentially
could amplify any V region from genomic DNA. Pufferfish
was chosen for its relatively reduced genome content and
markedly shorter intervening sequences, which facilitates
sequencing of gene clusters, and minimizes the types of
PCR amplification artifacts that arise from the use of short
primers; the novel immune-type receptors (NITRs) were
identified using this approach (Rast et al. 1995). The
prototypic NITR molecule consists of an N-terminal V
domain (most often containing a J homology region), an
intermediate (I) domain, a transmembrane region, cytoplasmic
tail with an ITIM signaling motif(s). NITRs can be depicted
graphically as a fusion between: (N-terminal) a TCR-like
molecule and (C-terminal) an Ig domain-containing receptor,
such as a KIR, that functions in activating/inhibitory signaling

(Strong et al. 1999). NITRs are members of large diversified
multigene families that are ubiquitous in bony fish (Fig. 7)
(Ferraresso et al. 2009; Hawke et al. 2001; Yoder et al. 2001;
Yoder et al. 2004; Yoder 2009).

NITRs are complex V region-containing activating
and inhibitory molecules

At the gene family level, NITRs: (1) encode one (V) or two
(V and I) domains, (2) lack or possess a positively charged
transmembrane residue, (3) possess different numbers or
lack ITIMs in the cytoplasmic region, and/or (4) lack or
possess a transmembrane region (Fig. 7). The overall
degree of structural variation is among the most extensive
seen in any large IgSF. The positively charged transmembrane
residue in NITRs, which is associated with activating
function, interacts with DAP12 (Wei et al. 2007).

Annotation of NITR genes is complete for both zebrafish
and the Japanese medaka (Oryzias latipes) (Desai et al.
2008; Yoder et al. 2004; Yoder et al. 2008). In zebrafish, 12
NITR gene families comprising 36 genes have been
identified on chromosome 7; two other NITR gene families
are represented on chromosome 14. Efforts to identify
NITRs outside of bony fish using PCR-based methods,
genome database screens and EST screens as of yet have
not been successful. In addition, 24 families of NITRs in
medaka are located in gene clusters on chromosomes 10,
18, and 21 and show a pattern of intrafamily diversification
similar to that seen in pufferfish and zebrafish (Desai et al.
2008). In each of these cases, the largest gene family is
arbitrarily designated NITR1 and exhibits multiple variant
forms (as defined by 70% or greater sequence relatedness to
other members of the same family). The availability of

Fig. 6 Representative candidate amphibian (Xenopus) NKRs. Xen-
opus MHC-linked Ig superfamily V (XMIV) genes are predicted to
encode both inhibitory and activating forms. Xenopus Ig-like receptors
(xILRs) identified thus far are predicted to exhibit activating function.
Asterisk indicates that structures have been confirmed from EST or
cDNA sequences. Proteins encoded by alternatively spliced transcripts

are denoted with “sp”. V Ig domains (V), C2 Ig domains (C2),
positively charged transmembrane residues (+), cytoplasmic
immunoreceptor tyrosine-based inhibition motifs (ITIMs), immunor-
eceptor tyrosine-based activation motifs (ITAM), and immunoreceptor
tyrosine-based switch motifs (ITSM) are indicated
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Fig. 7 Representative candidate bony fish NKRs. Predicted protein
structures of select NITRs from zebrafish, NILTs from trout and
LITRs from catfish. Ten different NITR forms are inferred from 39
different zebrafish gene sequences. Cross-linking inhibitory NITRs
down-regulate the MAPK signal transduction pathway presumably via
SHP-1 and SHP-2 (not shown). Activating NITRs associate with and
signal through the adaptor protein Dap12 and, in the context of human
NK cells, redirect cytolysis of target cells (in vitro). Six NILTs
isoforms are encoded by four genes in trout via alternative mRNA
splicing. Neither a NILT ligand nor functional confirmation of NILT
signaling has been reported. Certain ITIM-containing LITRs can
associate with both SHP-1 and SHP-2 (not shown). Surface expression
of certain activating LITRs is enhanced by cotransfection with FcεRIγ

and FcεRIγ-like molecules. FcεRIγ and FcεRIγ-like proteins can be
co-precipitated with activating LITRs. Although a CD3ζ-like adaptor
protein can be co-precipitated with an activating LITR, its expression
does not influence the surface expression of activating LITRs and is
not shown. Asterisk indicates that structures have been confirmed from
EST or cDNA sequences. Proteins encoded by alternatively spliced
transcripts are denoted with “sp”. V Ig domains (V), I Ig domains (I),
C2 Ig domains (C2), positively charged transmembrane residues (+),
cytoplasmic immunoreceptor tyrosine-based inhibition motifs (ITIMs),
ITIM-like sequences (itim), immunoreceptor tyrosine-based activation
motifs (ITAM) and immunoreceptor tyrosine-based switch motifs
(ITSM) are indicated. The classifications: LITR1-like and 2-like
sequences are described in (Stafford et al. 2007)
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stable inbred lines of medaka, the lack of which represents
a significant shortcoming in zebrafish immunological
research, greatly facilitate genome assembly and will
benefit efforts to elucidate NK function.

Only minimal sequence overlaps are evident in compar-
isons between the V regions of zebrafish and medaka, i.e.,
V families in zebrafish are no more related to those seen in
medaka than the different zebrafish families are related to
each other. Such species-specific expansions of various
NITR types have been interpreted to reflect recent “birth”
and “death” events as described above for other receptor
types (Desai et al. 2008; Ferraresso et al. 2009). Similar
patterns of sequence variation in the V regions of Igs and
TCRs as well as in the (non-rearranging) KIR family of NK
receptors have been reported (Martinez-Borra and Khakoo
2008; Ota et al. 2000; Parham 2005); all three receptor
families likely have undergone a parallel process of
evolution. Finally, evidence of positive Darwinian selection
in the V domain of NITR genes supports the hypothesis
that NITRs may function as NKRs.

The majority of NITRs function through ITIM-based
inhibitory mechanisms (Yoder 2009). Nitr9 is the activating
NITR present in zebrafish and is encoded by a single-copy
gene that undergoes alternative splicing to generate three
isoforms: Nitr9-L (the long form that encodes both V and I
domains), Nitr9-S (a shorter form in which splicing deletes
part of the V domain) and Nitr9SS (the shortest form in
which splicing removes the entire V domain) (Wei et al.
2007). Six different adaptor molecule orthologs: Dap10,
Dap12, CD3ζ, CD3ζ-like, FcεRIγ and FcεRIγ-like, have
been identified in zebrafish (Yoder et al. 2007). Nitr9L
partners preferentially with the zebrafish ortholog of
mammalian Dap12 (Wei et al. 2007) and cytotoxicity was
shown to be induced in human NK cells by transfection
with zebrafish Nitr9L and Dap12 (Yoder et al. 2004).
Cross-linking of the Nitr9L-Dap12 complex activates the
phosphytidylinositol 3-kinase→AKT→ extracellular
signal-regulated kinase pathway (Wei et al. 2007).
Activating NITRs appear to participate in adaptor-based
pathways similar to those associated with mammalian KIR
function.

NITR expression patterns

Developmental stage-specific expression of the 14 families
of zebrafish NITRs has been characterized in 0 h post-
fertilization embryos through 6-day post-fertilization (dpf)
larvae as well as in adult tissues (Yoder et al. 2010). Larval
expression (trace levels) of nitr1, nitr5, nitr7, nitr10, and
nitr11 genes can be detected at 6 dpf. Only nitr3 is
expressed throughout and at the highest levels during
embryonic development.

NITR expression was evaluated from lymphoid and
myeloid cells separated from zebrafish whole kidney
marrow via flow cytometry by forward and side scatter
(Traver et al. 2003; Yoder et al. 2007). All zebrafish NITRs
are expressed in lymphoid but not myeloid cells (Yoder et al.
2010); a similar conclusion was reached on the basis of
equivalent levels of expression of NITRs in kidney (the
major site of lymphopoiesis in bony fish) in rag1−/− and
rag1+/− zebrafish (Jima et al. 2009). NITRs are expressed in
non-T, non-B lymphocytes, consistent with expression
patterns of other NKRs.

Although lineage-specific antibodies to NK cell types in
bony fish have not been characterized, NK-like cell lines
that lack markers for neutrophils, macrophages, B cells and
T cells, express perforin and multiple granzymes, possess
dense cytoplasmic granules, and demonstrate allogeneic
killing have been derived from clonal channel catfish
(Ictalurus punctatus) (Shen et al. 2002; Shen et al. 2004;
Stuge et al. 1997; Yoder 2004). The 3H9 cell line was
derived by allogeneic stimulation and selection, exhibits in
vitro cytotoxicity for the IG8 (stimulator) allogeneic B cell
line, possesses azurophilic cytoplasmic granules, does not
express Ig heavy chains or TCRαβ and is negative for
staining with an anti-nonspecific cytotoxic cell (NCC)
antibody. Collectively, these observations, along with general
morphological characteristics of 3H9 cells, are consistent with
the possibility that 3H9 is an NK-related cell lineage (Shen et
al. 2002). Multiple NITRs are expressed by the 3H9 cell line
(Evenhuis et al. 2007; Hawke et al. 2001) and in macrophage,
T, B, and other CTL cell lines (Evenhuis et al. 2007).

Allogeneic recognition by an NITR

A cDNA library was derived from the 3H9 NK-like cell
line and different NITRs were characterized (Hawke et al.
2001). An in vitro assay that coupled different NITR
ectodomains to the cytoplasmic domain of CD3ζ was
developed in which constructs were transfected into a
mouse T cell hybridoma line (43-1) that contains a GFP
transgene under the control of an NFAT-responsive pro-
moter (Cannon et al. 2008). Of nine different catfish NITR
ectodomains that were tested, only NITR11 produced a
positive response with IG8 but not with 3B11, an MHC I/II
disparate control B cell line for which 3H9 exhibits only
minimal cytotoxicity (Shen et al. 2002). The same
specificity patterns were revealed when the same group of
NITR ectodomains was coupled to Fc regions (NITR V-Fc
chimeras). NITR10, which is structurally related to
NITR11, does not bind IG8. Using gain and loss of
function mutants, NITR11 specificity for IG8 ultimately
was localized to (i.e., shown to be dependent on) Asn50

(Cannon et al. 2008).
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The crystal structures of NITR10 and NITR11 as well as
their respective gain and loss of function mutants were
solved in both native and selenomethionine forms. NITRs
adopt the same dimerization mode as the antigen receptors
and conserve the structural features imparted to (TCR)
VαVβ and (Ig) VHVL interfaces by the highly conserved
FGXG motif present in the J segment, a structural feature
shared by a large number of NITRs and the V domain-
containing, heterodimeric proteins that mediate adaptive
immunity. The specificity of NITR11 for a determinant on
the surface of the IG8 B cell line is dependent on the local
electrostatic potential of Asn50 in the (Ig/TCR) CDR1
analogous loop in the V domain, referred to above (Cannon
et al. 2008).

Of the many classes of Ig receptors now classified in
fish, the NITRs are most appealing as potential mediators
of NK-type function. NITRs are expressed by lymphocytes
and NK-like cell lines (Evenhuis et al. 2007; Hawke et al.
2001; Yoder et al. 2010), a NITR has been implicated in
allogeneic recognition (Cannon et al. 2008), cross-linking
NITRs initiates the same signaling pathways as mammalian
NKRs (Wei et al. 2007; Yoder et al. 2001) and, in the
context of human NK cells, NITRs can influence cytotoxicity
(Yoder et al. 2004). Specifically, the expression patterns, role
in allogeneic recognition, possible cytotoxicity and signaling
pathways in large part meet the criteria for NKRs. However,
whether or not this gene family accounts for any, all, or some
NK function remains open to questions. What is increasingly
more certain is that if NK reactivity is ubiquitous throughout
at least the jawed vertebrates, the real possibility exists that
this function is mediated by diverse individual and multigene
families of molecules, of which bony fish possess many.

Novel Ig-like transcripts in bony fish

The prototypic inhibitory (cytoplasmic ITIM) and activating
(cytoplasmic ITAM) novel Ig-like transcripts (NILTs) that
possess a single Ig domain and are structurally similar to
TREM, CMRF35 and the natural cytotoxicity receptor
NKp44 were identified first in carp (Cyprinis carpio L.) (Stet
et al. 2005). NILTs with two Ig domains, a NILT with both
ITAM and ITIM sequences and a NILT that is predicted to
be secreted also were identified in rainbow trout (Fig. 7)
(Kock and Fischer 2008; Ostergaard et al. 2009). The highest
levels of NILT expression in carp and trout are in spleen,
kidney, intestine and gills (Ostergaard et al. 2009; Stet et al.
2005). NILTs are highly polymorphic and 53 different NILT-
like sequences were identified in an individual carp. NILTs
and the zebrafish MHC I “ze” loci (Dare-ZE) are linked on
chromosome 1, reminiscent of the linkage between MHC
and the NKp44/TREM gene cluster on human chromosome
6 (Stet et al. 2005).

Leukocyte immune-type receptors in bony fish

The prototypic leukocyte immune-type receptors (LITRs)
LITR1, LITR2 and LITR3, were identified as ESTs from
channel catfish. LITR1 encodes four extracellular C2
domains and a cytoplasmic ITIM and ITIM-like sequence
as well as an ITSM. LITR2 and LITR3 encode three and six
extracellular C2 domains, respectively, and both possess a
positively charged residue within their transmembrane
domains (Stafford et al. 2006). Additional LITRs have
been identified that vary in the number of extracellular Ig
domains as well as in the presence of cytoplasmic ITAMs,
ITIMs, and ITSMs (Fig. 7) (Stafford et al. 2007). LITRs are
encoded on three different zebrafish chromosomes and are
polymorphic and polygenic (Stafford et al. 2006). Certain
LITRs can homo- and hetero-dimerize when transfected in
cell culture (Mewes et al. 2009).

Cytoplasmic tails of LITR1 family members transfected
into mammalian cells are tyrosine phosphorylated after
pervanadate stimulation. Zebrafish SHP-1 and SHP-2 can
be immunoprecipitated with LITR cytoplasmic domains
that include an ITIM (Montgomery et al. 2008). Co-expression
of recombinant activating LITRs with the catfish adaptor
proteins, FcεRIγ and FcεRIγ-like, enhance the surface
expression of activating LITRs. Co-immunoprecipitation
studies have established the physical association of an
activating LITR with the adaptor proteins FcεRIγ, FcεRIγ-
like, and CDζ-like (Mewes et al. 2009).

The highest level of LITR expression is in the kidney;
reduced expression is seen in the spleen and gill and much
lower levels are detected in muscle, heart, liver, intestine
and thymus. LITR1 and LITR2 transcripts were detected in
a catfish mixed leukocyte culture, a macrophage cell line,
and two cytotoxic T cell lines, but not in another T or B cell
line. Only LITR1 (and not LITR2) was detected in a NK-like
cell line. Alloantigen stimulation of both peripheral blood
leukocytes and CTL cell lines resulted in increased LITR
expression (Stafford et al. 2007); however, interpretations of
such findings need to consider selective lineage expansion as
a basis for increased levels of expression.

Certain LITR Ig domains are more similar to certain
LRC encoded receptors (e.g. PIR, LILR, KIR as well as
Xenopus XFL and chicken CHIR), whereas, others are
more similar to mammalian Fc receptors (Stafford et al.
2006). Although the number of Ig domains varies between
different LITRs, the two amino-terminal Ig domains are
similar suggesting that these receptors may bind the same
ligand (or class of ligand) (Stafford et al. 2007). In the
amino-terminal Ig domain of human LILRB1 (which
interacts with the α3 domain of MHC I), six of six key
residues were identical or conserved between the amino-
terminal Ig domains of catfish LITRs. By contrast, only two
of 13 key residues in human KIR2DL1, which make
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contact with the α1 and α2 domains of MHC I, are
conserved in the amino-terminal LITR Ig domain (Stafford
et al. 2007). Computer modeling of the LITR Ig domains
supports the hypothesis that the amino-terminal Ig domain
of certain LITRs may bind MHC I; however, direct proof of
this interaction is lacking. Interactions of receptors with
MHC I do not represent an exclusive property of molecules
associated with NK function.

Other NKR-like gene families in bony fish

As alluded to previously, NK activity is mediated by an
exceptionally large number of different receptor types that
mediate many different functions as defined by cell lineage-
and/or species-specific assays. Identifying potential NK
gene candidates on the basis of structural features alone at
best represent reasonable guesses. Three more multigene
families are significant in consideration of NK-type and
other immunoregulating functions. The modular domain
immune-type receptors (MDIRs) were identified in the
course of an unsuccessful effort to identify NITR homologs
in cartilaginous fish (Cannon et al. 2006; Cannon et al.
2010). MDIRs are type I transmembrane proteins that
exhibit transmembrane and cytoplasmic tail features seen in
NITRs and many other families of Ig domain-containing
cell surface molecules, e.g., Fc receptors, poly Ig receptors,
CD300s, TREMs, etc. MDIRs appear more abundant than
any of these gene families as defined currently in mammals.
In the course of characterizing MDIRs, we also identified
diverse I domain-containing proteins (DICPs), which

exhibit features of activating and inhibitory Ig-containing
transmembrane receptors (Cannon et al. 2010). Some
members of this family also appear to be secreted, as is
seen with some NITRs (Yoder et al. 2004), MDIRS (Yoder,
unpublished observations) and LITRs (Stafford et al. 2007).
Recent findings suggest that MDIRs and DICPs exhibit
some similarities in ligand binding activity (Haire, Cannon,
O’Driscoll and Litman, unpublished observations). Although
shared synteny can provide important clues regarding past
relationships of genes and gene families (Flajnik and Kasahara
2010) and in the case of NKRs could be highly informative,
it is not possible to draw any conclusions based on the
current state of our analysis of NITRs, NILTs, LITRs,
DICPs, and MDIRs and knowledge of mammalian genome
structure.

Future directions

Our current understanding of adaptive and innate immunity
underscores the potential advantages for an NK-type
mechanism of recognition in all vertebrates. Although
findings in a number of lower vertebrate species have
identified a variety of molecules that represent potential
mediators of NK-type immune functions, additional and far
more detailed characterization of cells, genes and molecules
is necessary before rational hypotheses regarding broad
phylogenetic relationships can be formed. The lack of clear
orthology between many of the candidate and verified
mediators of NK function confound the reconstruction of a
rational evolutionary history for NK recognition (Fig. 8).

Fig. 8 Identification of candidate NKRs in marsupials, monotremes
and non-mammalian vertebrates. NKR data for eutherian mammals is
presented in Fig. 3, Fig. 4, and the Electronic supplementary material
(Table S1). Opossum and platypus gene predictions are based on
genome analyses only. Chicken CHIRs are structurally related to
KIRs, but certain CHIRs function as Ig receptors (see text and Fig. 5).
CD94/ NKG2 and B-NK are the only chicken lectin-type receptors

thus far identified that possess inhibitory or activating motifs. Xenopus
XMIV genes are predicted to encode both inhibitory and activating
forms whereas, xILRs encode putative activating receptors (Fig. 6).
NITRs, LITRs, and NILTs are multigene Ig-type receptors that possess
both inhibitory and activating forms (Fig. 7). Phylogenetic trees
adapted from Blair and Hedges (Blair and Hedges 2005)
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Furthermore, it is possible that non-Ig-type and non-lectin-
type protein domains, which cannot be identified by
sequence homology, are integral to NK function in non-
mammalian species and thus cannot be recognized in
sequence homology-based strategies. The take-home message
from what has been observed both at the relatively early stage
of work in avians, amphibians and bony fish reviewed here
and the remarkably large body of work that has been
conducted in mammals underscores the need to develop
system-specific functional assays that can lead to the
“functional” identification of NKRs and/or are suitable for
screening candidate NKR molecules. Despite the inherent
complexity of such investigations, there is good reason to
believe that we will be able to define the important differences
if not necessarily the patterns of successive acquisition of NK-
type functions within vertebrate and potentially in invertebrate
species.
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