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Abstract

Natural Killer (NK) cells play important roles in innate defense against infectious agents particularly
viruses and also tumors. They mediate their effects through direct cytolysis, release of cytokines and
regulation of subsequent adaptive immune responses. NK cells are equipped with sophisticated arrays
of inhibitory and activation receptors that regulate their function. In this review we illustrate some
of the major evolutionary relationships between NK cell receptors among different animal species
and what some of the major mechanisms are that give rise to this diversity in receptor families,
including the potential roles of pathogens such as viruses in driving receptor evolution.

1. Introduction

NK cells provide important frontline defenses against infectious agents and tumors. Unlike B
and T lymphocytes which require the clonal expansion of very infrequent cells that express
appropriate somatically rearranged antigen specific receptors, NK cells use a different strategy
to respond to and discriminate infected or tumorigenic cells from normal cells. NK cell subsets
that express appropriate receptors to positively recognize and respond to an infectious agent
or tumors are relatively abundant compared to antigen-specific T cells or B cells and thus this
provides a mechanism for rapid response against potentially life-threatening assaults, in
particular to viruses.

NK cells can be activated by a range of soluble factors, including type I interferons, IL-2, IL-12,
IL-15 and IL-18, but also by direct cell to cell contact between NK cell receptors and target
cell ligands. Molecular cues are sensed and transmitted by an array of inhibitory and activation
receptors on individual NK cells. Inhibitory NK receptors can alter NK activation via
immunoreceptor tyrosine-based inhibition motifs (ITIMs) in their cytoplasmic tails, which can
recruit tyrosine phosphatases (e.g. SHP-1) into receptor signaling complexes. NK activation
receptors without ITIM-containing tails, instead carry a basic amino acid within the
transmembrane domain for pairing with immunoreceptor tyrosine-based activation motif
(ITAM)-containing activation co-receptors (e.g. DAP-12). Thus, a balancing of inhibitory and
activation receptor signals are brought together to determine ensuing NK responsiveness.
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NK cell inhibitory receptors, the ligands of which include self-MHC class | molecules, are also
responsible for self-tolerance and help prevent inappropriate NK cell activation or destruction
of normal cells in the body. This feature of NK self-tolerance is acquired when NK cells develop
and undergo licensing or arming [1-3]. Once “licensed” or “armed”, inhibitory NK receptors
are critical in the mechanism proposed by Kérre described as the ‘missing self” hypothesis
whereby NK cells can attack and Kill targets when normal levels of self-MHC class | are
reduced or missing [4]. Cellular down-regulation of ligands for inhibitory receptors is therefore
a potent stimulus for NK activation, as is frequently the case during viral infection [5].

Despite this, NK cells can also become stimulated when target cells express sufficient specific
ligands for NK activation receptors signals to dominate over inhibitory signals. Overall,
multiple signals are likely frequently sensed and assimilated by individual NK cells through
varied receptors. Whether NK cells respond with cytokine release and/or cytotoxicity is thought
to rely on how strong or significant is the sum of all receptor signals. In fact, when inhibitory
signals are weak or altogether missing in humans or mice without MHC class | expression,
NK cells can become “disarmed” and rendered hyporesponsive through an unknown
mechanism [6]. Thus, cells in the bodies of animals without MHC-1 expression are still
protected from NK attack. A similar mechanism likely normally protects the body from NK
cells without any inhibitory receptors for self-MHC class | expression [1,2].

Vital to early antiviral defenses in the body, many striking features distinguish NK cells in
form and function that are well suited for efficiently sensing virus infections. Humans and mice
without NK cells because of given genetic deficiencies that restrict their normal development
or effector functions, display severe vulnerability to infection and disease caused by
herpesviruses [7,8]. Experimental murine cytomegalovirus (MCMYV) infection in mice,
including studies with different inbred mouse strains or wild mice, is an important model for
investigating early antiviral host defenses and immune responses in the body [9]. Indeed,
research in the MCMV model system first revealed that NK cells have and can use Ly49
activation receptors to specifically identify and target virus-infected cells for destruction [9].
More recent work has provided additional examples of NK activation receptors needed to limit
virus infection. Not surprisingly therefore, genetic resistance to virus infection has been
frequently mapped to the NK gene complex (NKC) on mouse chromosome 6, a genomic region
with clustered genes for polymorphic NK cell receptors [10]. The current review serves to
highlight some striking NKC features with clustered genes for NK receptors that are specialized
for their role in natural killing and antiviral host defenses, which might represent a potential
source of natural selection affecting rapid NKC change.

2. NK receptors, polymorphisms and specificity

A battery of structurally diverse cell surface receptors displayed by NK cells belong to
superfamilies of C-type lectin or immunoglobulin (1g) related glycoproteins. Classical MHC
class la-specific NK cell receptors (NKR) can be broadly grouped into the killer cell 1g-like
(KIR) and lectin-like (Ly49, also known as KLRa) receptor families expressed by human or
rodent NK cells, respectively. Because KIR-expressing NK cells in humans and other primates
display similar functionalities to Ly49-bearing NK cells in rodents and perhaps some other
species, similar selective pressures might have led to the acquisition of distinct gene sequences
through a process of convergent evolution [11]. Importantly, KIR and Ly49 gene sequences
encode polymorphic NK receptors which can either activate or inhibit NK cell effector
functions. Separate KIR and Ly49 gene clusters encoding for multiple polymorphic NK
receptors hints that tight genetic linkage is potentially advantageous, and further that constant
selective pressures are at work to diversify structurally distinct NK receptors for binding their
polymorphic ligands. For further discussion of KIR sequence diversity and function and the
existence of KIR haplotypes, please see other reviews in this issue.
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Membrane-bound Ly49 receptors are displayed by subsets of NK cells in mice. Individual NK
cells typically express one to several Ly49 receptor family members and thus, Ly49 receptor
expression occurs in a variegated fashion. Expression of multiple polymorphic inhibitory Ly49
receptors is potentially beneficial and may favor effective NK “licensing” or “arming” by
maximizing the odds for successful interactions with highly polymorphic self-MHC class |
proteins in development. In addition to extending their range of self-awareness, inhibitory Ly49
receptors therefore also improve NK sensing for pathogen intrusion. On the other hand, direct
stimulation for NK cells is attained through activation receptors also encoded by related Ly49
genes in the cluster. Less is known about the ligands for Ly49 activation receptors, but at least
some also recognize MHC class | or MHC class I-related molecules [12-15].

NK cells in a wide range of mammalian species additionally express CD94/NKG2 (also called
KLRD1/KLRC) lectin-like receptor heterodimers which can either activate or inhibit effector
cell function. CD94/NKG2 receptors bind non-classical MHC class Ib ligands HLA-E and
Qa1 in humans and mice respectively [10]. HLA-E and Qa1 bind and present peptide
fragments derived from the leader sequences of classical MHC class | proteins; CD94/NKG2
receptors are thus well adapted to broadly monitor and sense changes in MHC class |
expression. MHC class | monitoring may well represent an extremely important functional
feature for CD94/NKG2 receptors; KLR-related sequences (cKLR) derived from bony
(cichlid) fishes have been recently identified, a finding that underscores their importance in
diverse vertebrate species [16]. Further, the cKLR sequences are actually expressed in a minor
subset of blood leukocytes and also in the gill and pharyngeal jaw. Though not shown
experimentally, one might speculate that cKLR sequences are expressed by killer cells in
organs of the fish where innate immune effector function(s) are needed. As with CD94/NKG2
sequences in mammalian species, cKLR genes are also clustered in a narrow genomic NKC-
like region [16,17]. Altogether, there is substantial evidence indicating clustered NKR genes
and gene families are an important genomic component retained in a diverse range of vertebrate
species.

3. The NK gene complex (NKC): Clustered KLR genes promote natural killing
effector functions and regulation of innate immunity

Yokoyama and Shevach discovered the NKC when they genetically mapped genes for two
different NK receptors, NKR-P1 (also called KLRb) and Ly49, on mouse chromosome 6
[18]. NKC regions in rodents and humans (chromosome 12p13) have since been extensively
studied with systematic genetic and physical mapping strategies (reviewed in [10,19]). Early
on, separate clusters for Nkrp1 and Ly49 families of genes were mapped in distinct NKC regions
[20]. Nkrpl and Ly49 genes, as with other NKC genes, encode type |l membrane-bound surface
receptors with one extracellular C-type lectin-like domain (CTLD) [21,22]. Unlike other C-
type lectin superfamily members, most NKC-encoded NKRs lack a functional Ca2*-dependent
carbohydrate recognition domain (CRD). The C-type lectin-like domain of NK lectin-like
receptors thus typically binds protein ligands instead [23].

Further physical mapping studies revealed additional CD94/NKG2 and C-type lectin domain
family 2 (CLEC2) clustered genes and even greater NKC complexity [24-26]. CLEC2 proteins
include C-type lectin-related (CIr) ligands Clrg and Clrb recognized by NKR-P1 family
members Nkrp1f and Nkrpld, respectively [23] and other NKC encoded members of the C-
type lectin superfamily which display greater tissue distribution profiles than NK lectin-like
receptors [27]. The importance of the NKR-P1:ClIr recognition process in self-nonself
discrimination is emphasized by the recent finding that rat cytomegalovirus encodes a Clr
homolog that can specifically target the rat NKR-P1B inhibitory receptor to diminish NK cell
activation and anti-viral control [28]. Over time, our understanding of the important role for
the NKC gene complex has increased; NKC genes are frequently expressed by NK cells and
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other immune cells, they are needed in resistance to viral pathogens and malignancy, and NKC
genes and regions are conserved among disparate species. More recent comprehensive DNA
sequencing for the NKC regions in multiple inbred strains of mice, rats, humans and several
additional species has been completed and should allow for the description of the full content
of genes as well as more informative NKC comparisons among species.

Thus far, NKC-like regions have been detected in species ranging from bony fishes to humans,
an indication of the vital role of the NKC in immunity and an ancient evolutionary origin of
this gene cluster. A key conserved feature is clustered/linked genes for Group V (NK lectin-
like receptors) and/or Group Il (C-type lectin receptors) member sequences of the C-type lectin
superfamily. Comparative analyses of the NKCs of humans and other primates, horses, dogs,
cattle, mice and rats indicates the NKC region is highly conserved in gene orientation, order,
position, structure and sequence homology [10,27,29]. NKC conservation and gene orthology
supports a widely held view that expansion of related NKC genes and clustered gene families
are the result of gene duplications and/or conversions. What is not immediately apparent,
however, is the dynamic nature of the NKC and its resident genes. Further analysis of NKC
regions of related and unrelated species has revealed considerable complexity and variation.

That CD94/NKG2-related cKLR genes have been identified in teleostean fishes is intriguing;
this finding implies that an ancestral KLR gene might have arisen more than 365 million years
ago (mya) before the appearance of tetrapods [16]. Direct sequencing of BAC clones containing
cKLR sequences further revealed that the CD94/NKG2-related gene sequences are clustered
together in the cichlid fish genome [17]. Though related sequences have so far remained elusive
in the trout, genetic mapping strategies based on an NK-like trait (i.e. YAC-1 cytotoxicity)
revealed the presence of a major quantitative trait locus (QTL) on linkage group 31 in the trout
genome [30]. Whether the trait is controlled by one or potentially more sequences is not known,
but similar to mammalian species this putative NK effector controlling genetic complex (a
trout “NKC*) resides on a linkage group separate from those harboring the MHC or a leukocyte
receptor complex (LRC).

As remarkable as a primitive NKC in teleost fishes may appear, subtle variations clearly
distinguish fish and mammalian NKC regions. Though the cichlid KLR sequences are most
related to mammalian CD94/NKG2 sequences, orthologous matches are not apparent. Instead,
fish and mammalian KLR genes are likely to have arisen independently through duplications
of distinct ancestral genes in a paralogous fashion [16,17]. Further, the cichlid NKC might only
contain genes for Group V-like activation-type KLR members, and without other CLEC-
related gene sequences. Such disparity may divulge NKC complexity and also the extent of
selective pressure to maintain clustered genes that can be readily manipulated for the purpose
of adapting modified NK receptor sequences toward the unique environs of their hosts.

Another intriguing example is provided by chicken NKC regions, which have been mapped to
distinct genomic regions. Genes for two CTLD-containing chicken proteins, B-NK and B-lec
were cloned and mapped within the chicken MHC, suggesting that genes for NK lectin-like
receptors and their potential ligands might be advantageously physically linked in the chicken
genome [31]. For instance, physical linkage in a common haplotype might insure that a given
receptor/ligand pair is maintained. Similar to mammalian inhibitory NK lectin-like receptors,
the cytoplasmic tail of B-NK includes a canonical ITIM that can recruit SHP-1 and SHP-2
tyrosine phosphatases following ITIM-phosphorylation [31]. That B-NK and B-lec are more
similar to mammalian NKC encoded KLR sequences than they are to other chicken C-type
lectins further hints that an ancestral KLR sequence existed prior to the divergence of aves and
mammals ~330 mya [31]. Curiously, a recent study identified a distinct chicken NKC region
by pinpointing a chimeric CD94/NKGA-like sequence that is physically linked with chicken
CD69 at an interval spanning a substantial fragment of chromosome 1 (~42-Mb) [32]. As with
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NKC regions of other species, important disease resistance quantitative trait loci (QTLS) are
also linked with chicken NKC and NKC/MHC regions, including resistance to avian
coccidiosis [33] and a herpesvirus that causes Marek’s disease [34]. That the chicken genome
should encode what appear to be bona fide NK lectin-like receptors at two distinct genomic
locations is very interesting and perhaps implicates yet another potential solution for NK
receptors to achieve and balance self tolerance with recognition of infection and/or
transformation.

In mice and rat NKC regions, Ly49 genes are separately clustered together [20,35]. A schematic
diagram representing Ly49 genes in the B6 NKC-Ly49 haplotype (NKC-Ly492) corresponding
with Yokoyama’s RFLP group 2 (see below) and based on direct sequence analysis [36,37] is
shown in Figure 1. In addition to their role in establishing NK self-tolerance, mouse Ly49
genes also are genetically linked with resistance or susceptibility to viral infection. In fact,
MCMV control loci Cmv1 and Cmv3 have been pinpointed to genes for NK activation receptors
Ly49H and Ly49P, respectively [13,38-40]. Ly49HP® recognizes the MCMV-encoded m157
class I-like molecule expressed on infected cells to activate NK cells [12,15], whereas the
Ly49PMamy receptor recognizes virally modified H-2DX on infected cells [13]. Though refined
genetic mapping for Ectromelia virus (ECTV) resistance locus Rmpl and the MCMV control
locus Cmv4 is still ongoing, these traits might also be explained by polymorphic NK activation
receptors.

4. Evidence for express NKC alterations through expansions and
contractions in KLR gene families

Inasmuch as KLR gene clustering underscores the importance for maintaining NKC linkage
groups, selective expansion or contraction in particular NKR gene families increasingly draws
our attention towards understanding selective pressure(s) guiding gene duplications and
contractions. Plasticity in the KIR/LRC locus is a documented feature, one subject to
environmental stimuli that may favor rapid change in primary KIR gene sequences or potential
consequent change in function [41,42]. Recombination between KIR genes through a process
of domain shuffling could be a key mechanism for generating novel activating KIR [41,43],
although some KIR genes are the products of gene duplication and subsequent evolution
through adaptive point mutations. A recent hypothesis indeed asserts that modern day KIR and
KLR receptors, including inhibitory and activation (short tail) types, have descended
independently from ancestral genes for inhibitory NK receptors in humans or mice,
respectively [41].

KIR/LRC expansion presumably also came at the cost of human Ly49 genes. Ly49 genes have
been found in the NKC regions of humans and other primates, cattle, horses and rodents. Only
a single residual Ly49 pseudogene remains in the human Ly49 gene cluster and significant
alterations in the NKC-Ly49 gene regions of humans and mice are instantly recognizable. On
the other hand, Ly49 genes have undergone extensive expansion in some inbred strains of mice
and also in the rat. Substantial variation distinguishing mouse and rat Ly49 sequences indicates
how rapidly significant changes have occurred and accumulated within NKC-Ly49 regions.
Indeed, rodent NKC regions are evolving at a more rapid rate and are less stable than
corresponding regions of nonrodent NKCs because of higher birth and death rates of genes
within the NKC [27].

Contraction in the cattle NKC-Ly49 genomic region is also evident, even though cattle do
express some Ly49 molecules [44]. NKC alterations are not limited to the Ly49 region; instead
cattle CD94/NKG2 genes have undergone substantial change relative to their counterparts in
other mammalian species [45]. Firstly, four independent cattle CD94 sequences have been
identified which display limited polymorphism in contrast with monomorphic CD94
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expression in humans and other primates. Birch and Ellis also identified many additional cattle
NKGC or NKG2A gene sequences, including one ITIM-containing NKG2A sequence with a
basic amino acid in its transmembrane domain and the potential to either inhibit or stimulate
effector functions [45]. CD94/NKG2 receptor expansion in the cattle genome implies that their
ligands may be more diverse than in other species. A further expectation here is that natural
selection has driven expansion of the CD94/NKG2 gene cluster in cattle and thus might also
be genetically linked with survival trait variance. Cluster diversity could also be balanced
together with KIR/LRC diversity since cattle also express KIR genes.

Interestingly, KIR and Ly49 sequence diversity is a distinguishing feature for NK receptor
genes in the horse genome [29]. However, only dysfunctional KIR transcript sequences have
so far been identified, suggesting that residual horse KIR genes are pseudogenes. In contrast,
multiple functional Ly49 genes encoding horse NK lectin-like receptors have been mapped to
chromosome 6q13, a region syntenic with the human NKC on chromosome 12 [29]. Because
horse Ly49 genes are all more related to one another than to rodent Ly49 sequences, it suggests
that separate Ly49 gene clusters apparently arose independently in rodents and horses, further
highlighting the importance and a potential need for clustered NKR genes.

5. Evidence for the existence of NKC haplotypes in mice: (i) NKC haplotypes
in inbred mice

Yokoyama and colleagues first appreciated the extent of NKC gene polymorphism in several
inbred strains of mice by their distinct restriction fragment length polymorphism (RFLP)
groups for Ly49 as well as NKRP1 genes [18,46]. Genetic mapping strategies with
microsatellite markers and other genetic probes extended these earlier findings and established
that NKC regions of different inbred mouse strains exist as genetically diverse haplotypes
[47,48]. Indeed, microsatellite-typing revealed common NKC haplotypes in inbred strains
corresponding with the prior RFLP analysis. For example, NKC haplotypes in inbred strains
A, AKR, BALB/c, C3H, CBA and DBA/2 are highly related and fell into similar microsatellite
and RFLP groups for Ly49 (NKC-Ly491) and Nkrp1 (NKC-Nkrp1l) gene cluster regions. On
the other hand, NKC haplotypes in B6 and 129 are distinct and belong to RFLP groups 2 (NKC-
Ly492) or 3 (NKC-Ly493), respectively (Fig. 1). Further studies demonstrated polymorphisms
among inbred strains at the level of allelism for specific Ly49 genes such as Ly49A and Ly49C
[49-52]. Ly49CP6 and Ly49HP6 sequences are only 78% homologous overall, but they exhibit
striking homology in the downstream exons coding for the CTLD, thus providing an early
indication that evolution may have taken place through a process of recombination between
ancestral genes [52]. Analysis of cDNA sequences from the 129/J mouse strain indicated that
its NKC contains many full-length Ly49-related coding sequences (Ly49e, g, I, 0,p, I, S, t, U,
and v). Only Ly49e129 however, proved to be identical to Ly49eP® [53], with the remaining
sequences exhibiting 85.2 to 95.9% sequence homology to B6 Ly49 genes. This provided
additional evidence that certain genes present in both the B6 and 129 genomes may represent
alleles of the same gene, or at least be ancestrally related based on sequence similarities.

(ii) NKC haplotypes and Ly49 genes in wild mice

An analysis of the degree of natural variation of the NKC region of wild mice revealed that
within two geographically distinct populations trapped in Australia there was considerable
variability in NKC associated alleles [54]. However, as observed for inbred mouse strains,
there was also evidence supporting the concept of the existence of NKC haplotypes shared
among individual mice within these populations [54]. Experimental MCMYV infection of a
specific-pathogen-free population of outbred wild mice with the K181 MCMYV laboratory
strain revealed that low viral titers in the spleen, which are normally associated with the
presence of NK-dependent, Cmv1'-like resistance, were uncommon among this population.
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Thus, NK cell resistance mechanisms based on Ly49HP8-like activation receptors binding to
an MCMV-encoded m1575™ith-Jike ligand are likely to be rare in this population. This was
further supported by a study in Adam et al., [55] where they screened six Mus musculus wild-
derived inbred strains and found that only one of the six strains, PWK/Pas, exhibited NK cell-
dependent resistance to MCMV infection.

In a preliminary analysis of Ly49 gene heterogeneity among a population of wild mice trapped
in Australia, we focused on genetic sequences of Ly49 genes belonging to the Ly49C-related
and Ly49H-related groups described by Anderson et al. [36]. Of the cDNAs sequenced many
were Ly49C"?b-related (>97% homology) or Ly49112%-related (>95% homology) (Corbett et
al, unpublished observations), though a significant proportion of the clones appeared to be
pseudogenes. Among the Ly49H-related genes, Ly49H"2W (>95% homology) and Ly49U129-
like (>95% homology) genes were detected, together with related pseudogenes. Only
Ly49HP8-like pseudogenes were detected in this population. Interestingly, Ly49PmMamy_|ike
sequences were also present (Corbett et al, unpublished observations). This preliminary
analysis of wild mice has recapitulated findings from inbred mice that significant heterogeneity
exists among Ly49 genes [36,56,57] and that pseudogenes for both activating and inhibitory
receptors are frequent. These data reflect our previous analysis of allelism and haplotypes in
wild mice [54] and also indicate that intact Ly49HP®-like genes are absent or at the very least
infrequent.

6. Extensive polymorphism and evolution of the rodent Ly49 regions

The above studies provided important insights into the notion of NKC polymorphisms,
especially for the Ly49 region. Physical maps and full length sequences for the Ly49 region
from several inbred mouse strains were needed to fully appreciate evolutionary origins and
relationships of individual Ly49 genes and/or alleles. Partial physical maps of the B6 Ly49
region had in part been determined based on YAC, BAC and P1 bacteriophage contigs [20,
58,59]. Analysis of sequence data available from public databases for the B6 Ly49 region
[57] revealed that excluding Ly49b which resides approximately 800 kb telomeric [20,58], the
main centromeric Ly49 cluster comprises 14 genes as well as a number of gene fragments. The
protein coding genes, four non-coding pseudogenes and gene fragments including Ly49¢« and
Ly49I are shown in Figure 1. Interestingly, the Ly49l gene in CBA and BALB/c mice codes
for an activating receptor [14,60]. Comparisons of sequence similarities and repetitive elements
shared between genes suggest that NKC gene blocks Ly49n-i-g and Ly49m-c-a were probably
acquired through duplications from an ancestral gene block. Similarly, the adjacent Ly49n, h,
and k genes are highly related to one another and are also thought to have arisen by a gene
duplication process. The high degree of similarity of the C-terminal lectin-like domain of
Ly49h to that of the inhibitory Ly49i gene suggested that Ly49h may have evolved by a gene
conversion or recombination event [52,57,61]. In this process, it has been proposed that exons
coding for the extracellular domain of a Ly49i-like ancestral gene fused to the exons coding
for the transmembrane and intracellular domains of an ancestral activation receptor (Fig. 2).

Direct comparisons between the B6 Ly49 region and that of the 129 mouse strain have been
carried out based on BAC contigs [56] and direct sequence comparisons [37]. Excluding the
Ly49b gene, the 129 Ly49 cluster spans ~600 kb [56]. Based on comparison of the B6 and 129
NKC-Ly49 gene clusters, it seems probable that Ly49e129, Ly49¢129 and Ly49i;12° represent
alleles for genes of the same designation in the B6 strain. These and the following Ly49 alleles
pairs: Ly49fP® and Ly49s12%: Ly49dP8 and Ly49r129; and Ly49hP® and Ly49ul2° together may
represent framework genes handed down from an ancestral mouse common to both B6 and
129 [37,56].
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Similar comparative sequence analyses for the BALB/c Ly49 region revealed its 300-kb length
and seven intact genes and a pseudogene (Ly49i) [36,62]. Since Ly49y expression has so far
not been detected, it might also be a pseudogene. The BALB/c NKC-Ly49 cluster is much
smaller than that of B6 and 129 strains, potentially representing a minimal Ly49 haplotype,
which lacks Ly49h- and Ly49d-like genes. Further comparison of the BALB/c, B6 and 129
NKC-Ly49 haplotypes provided further evidence that key conserved genes are likely important
framework genes in mice. These are represented by the three gene pairs: Ly49a and ¢, Ly49g
and i, and Ly49e and q [36,62].

Based on analyses of the distribution and content of repetitive elements in individual Ly49
genes and between genes, models of temporal evolution have been deduced for members of
the gene family. These studies further indicate how the particular Ly49 haplotypes present in
the inbred strains analyzed may have originated from putative ancestral Ly49 haplotypes
[36,57]. Moreover, the high frequency of pseudogenes together with evidence of homologies
among genes (e.g. Ly49C and -I) and of evolution via exon shuffling and recombination
between ancestral genes implies that Ly49 genes are likely to be subject to pressures that result
in a high rate of birth and death. Curiously however, recombination within the Ly49 gene
cluster proper must be exceedingly rare since it was not detected by us in over 2722 meioses,
but instead occurred only in flanking recombination hotspots [63]. Likewise, Vidal and
colleagues have reported a similar outcome in analyzing 2,657 meioses [13,64]. Altogether,
we still lack a clear understanding of the mechanism responsible for the dynamic nature of the
NK gene complex including what underlies its genetic changes and NK cell receptor diversity.

Interestingly, the Ly49q and e genes which reside at the centromeric end of the Ly49 region,
together with the more distant telomeric Ly49b gene are conserved among all the inbred strains
assessed and share a very high degree of identity between strains [36,57,62]. This high degree
of conservation likely reflects functional constraints on the protein products encoded by these
genes. It is remarkable that they all show expression patterns that are distinct from the core
Ly49 proteins. Ly49E, unlike other Ly49 proteins is expressed on fetal NK cells [65]. Ly49B
and Ly49Q proteins are not expressed by NK cells, but are preferentially expressed by myeloid
lineage cells [66,67], and indeed in the case of Ly49Q is expressed by IFN-a/p producing
plasmacytoid dendritic cells (pDC) [68,69] and binding of H-2KP MHC class | molecules by
Ly49Q on pDC results suggests a role for Ly49Q in regulating pDC function [70]. Also
intriguing, rats have Ly49 genes that are highly similar to Ly49b and Ly49q suggesting that
the origin of these genes predates the divergence of rats and mice from an ancestral rodent
[35,71].

Evidence from the rat Ly49 family on rat chromosome 4 has also provided important insights
into possible mechanisms of Ly49 evolution. The presence of large numbers of Ly49 genes in
rats (34 in the Brown Norway strain, [35]) indicates that the rapid expansion in numbers of
Ly49 genes took place by both tandem and genomic block duplication [35,71]. Rat Ly49-2,
-3,-4,-5,and -6 are arranged in a block and show the highest degree of similarity to one another
than to other Ly49 genes and it is proposed that they arose by tandem duplication. The block
of genes comprising Ly49-23 to -26 is very closely related to the block Ly49-28 to -31 based
on the arrangements of repetitive elements within and between genes and these blocks are to
have arisen by block duplication [71].

7. Dynamics of the host-virus relationship — evolution of host activating
receptors and cognate viral ligands

The preceding discussion indicates a complex pattern of polymorphism and dynamic evolution
of the Ly49 region. Abi-Rached and Parham [41] provided compelling evolutionary evidence
that activating Ly49 receptors have evolved from inhibitory homologs. Wilhelm et al [57] also
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provided specific models for the evolution of Ly49HP6 from ancestral genes that have similarity
in the extracellular domain to Ly49C, Ly49l and Ly49J. Furthermore, Arase et al, [12]
hypothesized that the gene encoding the Ly49H activation receptor may have evolved from
genes encoding inhibitory molecules (i.e. Ly49l). While the latter hypothesis is likely correct,
several observations suggest that the evolutionary utility for this individual host NK cell
recognition process in terms of overall population-wide resistance to MCMV infection may
be of limited value. The Ly49U activation receptor from the 129/J strain which is collinear
with Ly49HD8 in the Ly49 region [37,56] has a highly similar CTLD to that of Ly49H6 and
is recognized by Ly49C/H/1/U monoclonal antibodies (mAb) such as 1F8 [53]. However, it
does not bind to MCMV m1575Mith and this results in susceptibility of this mouse strain.
Likewise, Ly49H"?" does not bind m157 even though NZW NK cells are recognized by the
Ly49H-specific mAb 3D10 [73]. Nevertheless, NZW NK cells use a Ly49H-independent
mechanism to limit MCMV infection. Hence, if Ly49H"6, Ly49U129 and Ly49H"?W have a
common ancestral origin, the retention of binding capacity to the MCMV m157 molecule in
Ly49U129 or Ly49H"ZW has not been conserved.

Passage of MCMV through mouse strains that express the Ly49H activation receptor places
sufficient selective pressure on the virus to rapidly mutate which indicates that NK cell
surveillance can induce a strong selective pressure for viral evolution [74-76]. As activating
Ly49 molecules related to the Ly49H-like grouping of NKC receptors are present in a number
of inbred strains [56,57,73] and outbred mice (unpublished data, Corbett, Forbes and Scalzo),
it may be that individual MCMV strains circulating through mouse populations are subjected
to NK cell pressure selecting for sequence variants of m157 that do not directly bind to Ly49H-
like activating NK cell receptors. Indeed, sequence analysis of m157 from isolates of MCMV
derived from wild mice trapped in Australia indicated this gene was highly variable [76].
Analysis of replication of the m157 variant isolates in Ly49H* and Ly49H™ mouse strains
showed that many grew to high levels in Ly49H* mice. When these m157 sequence variants
were tested for their ability to stimulate activation of Ly49-expressing reporter cells, only two
isolates G1F and N5, with the highest degree of similarity to the Smith m157 sequence, could
activate these reporter cells [76]. These data indicated that the majority of wild-derived MCMV
isolates contain m157 sequences that do not bind Ly49HP® and hence the benefit of expression
of a Ly49HP® receptor by an individual mouse might be low. Studies are warranted to determine
if in individual wild mice correlations exist between the MCMV m157 sequences present and
Ly49 activation receptors that bind those specific sequences.

8. Specificities of activation receptors for classical MHC class | molecules: a
role for viruses to modify class |

While the specificity of Ly49H for the MCMV-encoded m157 molecule has provided
important insights into NK cell recognition processes, the identification of host ligands
recognized by activating Ly49 molecules has not been as exhaustive as for inhibitory Ly49
receptors [14]. In contrast to the well-defined specificity of Ly49H for the MCMV-encoded
m157 molecule, conflicting evidence has been presented on the binding specificity of Ly49D.
A number of studies have shown that Ly49Db8 interacts with H-2D9 molecules [77-79] and
similarly that the related Ly49P"°d binds H-2Dd [80]. Furthermore, studies of the Ly49D-
related receptor Ly49R129 also showed moderate binding to H-2D9, H-2DX and H-2L4
tetramers [53]. In B6 NK cells that co-express Ly49DP8 and Ly49GP8 (that also recognizes
H-2DY) inhibition is dominant [81], possibly due to a lower avidity of Ly49DP® than
Ly49GP6 for H-2DY. Other studies have not confirmed Ly49DP8 binding of mouse H-2D% and
instead have presented evidence that the receptor binds to hamster MHC class | xenoantigens
[82]. It may be that the affinity of the interaction of activating Ly49 molecules with MHC class
| is an important consideration; it has been speculated that modification of the class | molecule
by infection may be required for optimal recognition by these activation receptors [81].
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Recently, evidence has been presented suggesting that Ly49PMaMY activation receptors bind
H-2DK on MCMV-infected cells and thus confer NK-mediated H-2K protection in MCMV-
infected mice [13,83,84]. This suggests that the H-2DK class | molecules may be modified in
some way perhaps through expression of a viral peptide or by binding of a virally encoded
protein to facilitate interaction with the Ly49P™aMY molecule. It will be of interest to determine
if this virally modified, class | molecule-dependent mechanism of NK cell recognition of virus-
infected cells by Ly49 activation receptors operates for other MCMV NK-mediated resistance
mechanisms such as Cmv4-mediated resistance of the PWK/Pas wild-derived mouse strain
[55] and for other mouse-specific viruses. This might provide important insights into the
evolution of the function and specificity of activating Ly49 receptors. Indeed, our recent studies
on genetically determined resistance to Ectromelia virus (ECTV) have shown that in addition
to the NKG2D receptor playing arole in NK cell control of ECTV [85] (Scalzo et al, submitted),
the Ly49H and Ly49D activation receptors act in concert to effect NK cell-mediated resistance
to ECTV (Scalzo et al, submitted).

Lessons learned from the murine model regarding the role of NK cell activation receptors in
recognition of viruses might have important parallels in humans. Indeed, recent data has shown
that NK cells expressing the KIR3DS1 activation receptor preferentially lyse HIV-1-infected
cells expressing the class | HLA-B Bw4-801 molecule [86], so similar mechanisms of NK cell
recognition might operate in both humans and rodents and have been selected for by convergent
evolution.

9. Concluding Remarks

The NKC region, while being highly heterogeneous among animal species conserves a number
of key genes, gene families and gene order and points to the ancient origin in this genetic region
among ancestral vertebrates. Some gene lineages in certain species such as the Ly49, Nkrpl
and CLEC families have undergone significant expansion [27]. The data reviewed here
pertaining to the interactions of host Ly49 molecules with virally infected cells particularly in
the mouse model points to several potential mechanisms by which NK cell activation receptors
may have been selected to counter virus infection. However, further work is required to
determine if other viral infectious agents may be driving NKR evolution, particularly that of
activating Ly49 receptors, and also for human KIR receptors and their interactions with virally
infected cells.
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Figure 1.

Schematic diagram of representative sequenced NKC-Ly49 haplotypes [36,37] in BALBI/c,
C57BL/6 and 129 inbred mouse strains corresponding with RFLP groups identified by
Yokoyama and colleagues [18]. Transcriptional orientations for inhibitory (red) and
stimulatory (green) Ly49 genes (triangles) are shown. Probable pseudogenes (no fill) are also
depicted.
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Figure 2.

Model for gene conversion to give rise to the Ly49H activation receptor. Through a process
of recombination between an ancestral activating gene and a Ly49I-like inhibitory gene, the
exons encoding the extracellular CTLD of the Ly49I-like gene were fused to the exons
encoding the cytoplasmic, stalk and TM domains of the ancestral activating gene.
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