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Abstract

Five large multigene families encoding innate-type immune receptors that are comprised of
immunoglobulin domains have been identified in bony fish, of which four do not possess
definable mammalian orthologs. The members of some of the multigene families exhibit unusually
extensive patterns of divergence and the individual family members demonstrate marked variation
in interspecific comparisons. As a group, the gene families reveal striking differences in domain
type and content, mechanisms of intracellular signaling, basic structural features, haplotype and
allelic variation and ligand binding. The potential functional roles of these innate immune
receptors, their relationships to immune genes in higher vertebrate species and the basis for their
adaptive evolution are of broad interest. Ongoing investigations are expected to provide new
insight into alternative mechanisms of immunity.

1. Introduction

Although many effectors of innate immunity have experienced relatively minimal change
over extended periods of evolutionary time, others, many of which are encoded in large
multigene families, exhibit striking degrees of variation in both form and function. In
mammals, natural Killer (NK) cell function is mediated through the killer-cell
immunoglobulin (Ig)-like receptors (KIRs), which are encoded in a diversified
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immunoglobulin gene family in man; however, in mouse, equivalent function is effected
through lectins encoded in the Ly49 multigene family. Additional molecules encoded in
multigene families mediate immune effector function in mammals and include: CD300s and
CD300-like proteins, triggering receptors expressed on myeloid cells (TREMs and TREM-
like proteins), sialic acid binding proteins, Ig-like lectins (SIGLECs) and the natural
cytotoxicity triggering receptors (NCRs). The gene families encoding these molecules have
been well defined genetically; however, their functions and particularly the scope of their
interactions with other components of the immune system are less well understood. As a
group, these molecules exhibit significant interspecific differences as evidenced, in some
cases, by the lack of recognizable orthologs between mouse and man. Although it is
recognized that multiple gene birth and death events account for the rapid evolution and
functional variation of this large and diverse group of molecules, the nature of the genomic
structure and selective pressure events that drive the process are not at all clear.

Several years ago as part of an investigation of alternative forms of immune function we
initiated studies to examine the broad question of innate immune receptor diversity in the
members of taxonomic classes outside of the mammalia. These efforts principally have been
focused on the osteichthyes, specifically teleost fish, which represent the largest subclass of
animals and possess particularly remarkable morphological variation as well as
physiological diversity that reflect the extensive variation in their habitats and responses to
selective pressures. The studies, which are based primarily on the recognition of genetic
homologies, were initiated with a search for diversified receptors that contain variable-like
(V)-type immunoglobulin domains and later were extended to include multigene families
encoding molecules possessing other types of domains. In the course of these investigations,
some of the gene families that have been identified have been shown to represent orthologs
of immune effector genes in mammals, whereas others are unique to bony fish. Taken
together with studies from other laboratories as well as extensive work in mammals, a
picture has emerged that reveals particularly complex patterns of dynamic genetic change
that likely are driven by selective pressures and host adaptations that are unique to major
animal groups and overall reflect the enormous complexity and extensive system of
interactions of the mediators of immunity.

2. Immunoglobulin (Ig) domains

An individual Ig domain is approximately 100 amino acids in length and forms an “lg-fold”
structure consisting of two anti-parallel p-sheets packed face to face. Four sets of Ig domains
have been described: variable-like domains (V), constant-like domains (C1 and C2) and
intermediate domains (I) (Harpaz and Chothia 1994). Although Ig domains vary in the
number and size of strands in the p-sheets and in the size and conformation of the links
between the strands, one B-sheet is anchored by strands A, B and E while strands G, F and C
form the core of the second pB-sheet (Barclay 2003;Harpaz and Chothia 1994). For example,
most members of the V set possess ten strands forming the two p-sheets with strands A, B, E
and D forming one B-sheet and strands A', G, F, C, C', and C” forming the other. In contrast,
most members of the C1 set are smaller with one B-sheet formed by strands A, B, E and D
and the other by strands G, F, C and C' (Harpaz and Chothia 1994).
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Two highly conserved cysteines, C23 and C1%4 (numbering based on the IMGT system;
Lefranc et al. 2009), form an intrachain disulfide bond between the B and F strands
stabilizing Ig-fold conformation. The inter-cysteine distance in VV domains ranges from 65 to
75 residues and is appreciably shorter in C1 and C2 domains (55 to 60 residues) (Williams
and Barclay 1988). Intermediate (I-type) Ig domains possess structural features of V
domains but exhibit shorter intercysteine distances (Harpaz and Chothia 1994). As discussed
below, additional cysteines within Ig domains can also contribute to intrachain disulfide
bridges.

3. Inhibitory and activating receptors

Many mammalian innate immune receptor families include receptors with opposing
functions. Engagement of ligands by some receptors activates the immune cell, whereas
other receptors inhibit this process. The KIR, leukocyte immunoglobulin-like receptor
(LILR), CD300, TREM and SIGLEC multigene families encode Ig domain-containing
transmembrane proteins that include both activating and inhibitory receptors.

Some activating receptors possess a short cytoplasmic tail and a charged residue within the
transmembrane domain which permits partnering with and signaling through an adaptor
protein, such as DAP12, DAP10, CD3( and FcRy. These adaptor proteins possess a
cytoplasmic activation motif such as an immunoreceptor tyrosine-based activation motif
[ITAM; (D/E)XoY Xo(L/Xg_gY Xo(L/1)]. Other activating receptors possess a cytoplasmic
tail that includes an ITAM (e.g. select FcR-Like Molecules; Ehrhardt and Cooper 2011).

Inhibitory receptors typically possess one or more immunoreceptor tyrosine-based inhibition
motif [ITIM; (I/V/L/IS)XYX,L)] within their cytoplasmic tail and do not utilize an adaptor
protein (Ravetch and Lanier 2000;Vely and Vivier 1997). For example, ligand engagement
by activating KIR-DAP12 complexes on natural killer cells results in the phosphorylation of
the DAP12 ITAM by a Src family kinase and subsequent phosphorylation and activation of
the SYK/ZAP70 - PI3K — MAPK/ERK signaling pathway which leads to the production of
cytokines and chemokines and the release of cytolytic granules. Ligand engagement by
inhibitory KIRs results in the phosphorylation of the ITIM(s) and recruitment of SHP family
phosphatases to inhibit this signaling cascade. Shifts in the balance of these opposing signals
determine if a natural killer cell will attack or ignore a cell or pathogen.

Some receptors can function both in an activating or inhibitory manner depending on the
cellular context. A cytoplasmic immunoreceptor tyrosine-based switch motif [ITSM;
TXYX,(V/N)] is found in some of these receptors (Ostrakhovitch and Li 2006;Shlapatska et
al. 2001). Multigene families that encode activating and inhibitory receptors and their
associated adaptor proteins have been identified from the genomes of various teleost species
including zebrafish (Danio rerio) (Haire et al. 2012;Montgomery et al. 2011;Stafford et al.
2006;Stet et al. 2005;Yoder et al. 2007;Y oder 2009).

4. Families of I|g domain-containing innate immune receptors in zebrafish

The genomes of teleost species, including zebrafish, encode hundreds to thousands of Ig
domains. Many of these domains belong to the immunoglobulin (e.g. IgM, IgA, 1gZ/T) and
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T cell receptor genes that undergo V(D)J recombination as part of the adaptive immune
system (Hikima et al. 2011), whereas other Ig domains belong to genes encoding cell
adhesion molecules, growth factor receptors (e.g. VEGFRs and FGFRs) and innate immune
receptors. The best described Ig domain-containing innate immune receptor families in
teleosts are the novel immune-type receptors (NITRs), leukocyte immune-type receptors
(LITRs), novel immunoglobulin-like transcripts (NILTS), diverse immunoglobulin domain
containing proteins (DICPs), and polymeric immunoglobulin receptor-like proteins
(PIGRLS); we have described the zebrafish NITRs, DICPs and PIGRLs (Haire et al.
2012;Kortum et al. 2014;Yoder et al. 2001;Yoder et al. 2004;Y oder et al. 2008;Yoder et al.
2010). NILTs and LITRs have been characterized in other fish species, but can be identified
in the zebrafish genome (Stafford et al. 2006;Stet et al. 2005) and it is likely that additional,
related gene families remain to be described. Current estimates predict the zebrafish genome
encodes a minimum of 39 NITR genes, 29 DICP genes and 29 PIGRL genes. In addition, at
least 104 NILT and 137 LITR Ig domains can be identified in the zebrafish reference
genome (Zv9; unpublished observations). A pairwise sequence comparison of these Ig
domains demonstrates that the NITR, DICP and PIGRL families each possess two distinct
types of Ig domains. The NILT and LITR families include multiple different types of Ig
domains (discussed in detail below) (Figure 1).

As the NITR, DICP, PIGRL, NILT and LITR gene families lack easily recognizable genetic
orthologs in mammals, predicting their function based on sequence alone is challenging.
Multiple features can be considered when proposing functional roles for these protein
families and one must consider the general function of each protein family and then the
specific function of each family member. When considering the roles of individual proteins
within a family, the simplest strategy is to catalog them into four groups based on protein
architecture: 1) inhibitory defined as being membrane-bound and possessing cytoplasmic
ITIMs, 2) activating defined as being membrane-bound and possessing cytoplasmic ITAMs
or a charged residue within the transmembrane domain, 3) functionally ambiguous defined
as possessing contradictory signaling motifs, ITSMs or simply lacking signaling motifs and
4) secreted. Each individual NITR, DICP, PIGRL, NILT and LITR protein can be assigned
to one of these four groups (although mRNA splice variants from a single gene can produce
multiple protein isoforms). Defining a receptor as inhibitory or activating is attractive;
however, it is important to remember that multiple receptors that were originally described
as inhibitory (via an ITIM) also can function to activate immune cells and that partially
phosphorylated ITAMs can promote an inhibitory signal (Barrow and Trowsdale
2006;Waterman and Cambier 2010). The roles of secreted variants of these proteins remain
to be elucidated; however, in mammals, secreted TREM-1 has been shown to compete with
membrane bound TREM-1 for ligand binding thus dampening the immune response (Derive
et al. 2010;Gibot et al. 2004).

4.1. Novel immune-type receptors (NITRS)

The NITR genes were identified initially as V domain-containing transmembrane receptors
from the compact genome of the Southern pufferfish (Spheroides nephelus): 26 NITR genes
were identified from a single genomic clone of ~100 kbp (Rast et al. 1995;Strong et al.
1999). NITRs subsequently were identified in two gene clusters on zebrafish chromosomes
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7 and 14 (Yoder et al. 2001;Yoder et al. 2004;Yoder et al. 2008). To date, 36 NITR genes
have been described on zebrafish chromosome 7 and three on chromosome 14. NITRs
possess one or two Ig domains. For NITRs with two Ig domains, the membrane distal Ig
domain is of the variable (V) type and the membrane proximal Ig domain is of the
intermediate (1) type. Although all NITR genes encode a VV domain, some NITR genes lack
an | domain that results in proteins with a single VV domain. NITR proteins that lack a VV
domain are generated by alternative mRNA splicing (Shah et al. 2012). Based on sequence
similarities between V domains, NITRs form 14 groups, which are designated numerically
(within an individual species) based on the order of their discovery, e.g. the NITR1, NITR2,
NITR3 and NITR4 groups were the first to be described; the numbering does not reflect
interspecific sequence homology. Individual gene names include a letter indicating the order
of their description, e.g. nitr3b was the second gene described from group 3. A pairwise
sequence comparison demonstrates a higher level of sequence variability between the NITR
V domains as compared to the more conserved | domains (Figure 1). In addition, the 15-
member NITR1 group displays very high levels of identity (observed as dark red regions of
identity).

The zebrafish NITR family includes a single gene that encodes three activating receptor
isoforms, multiple genes that encode inhibitory receptors possessing ITIM and/or ITIM-
related (itim) sequences, and genes that encode receptors with no identifiable signaling
motifs and secreted proteins (Figure 2; Yoder 2009). In the context of human NK cells,
engagement of the ITIM-containing Nitr3a (previously Nitr3.1) has been shown to down
regulate MAPK in an ITIM-dependent manner (Yoder et al. 2001). The single activating
gene, nitr9, was described originally as encoding one V domain, one | domain and a
positively charged residue within the transmembrane domain. After the discovery of mRNA
splice variants that partially or completely lack the exon encoding the V domain, the original
isoform was renamed Nitr9-long (or Nitr9L), whereas the proteins encoded by the splice
variants were designated Nitr9-short (Nitr9S) and Nitr9-super short (Nitr9SS) (Wei et al.
2007). Within the context of mammalian cell culture, Nitr9L partners with and signals
through Dap12 via pairing of reciprocally charged residues in their transmembrane domains
(Wei et al. 2007;Yoder et al. 2004).

PCR-based expression studies reveal that transcripts from all NITR groups can be detected
from zebrafish lymphocytes but not from myeloid cells (Yoder et al. 2010). Studies
employing activating NITRs from channel catfish (Ictalurus punctatus) and NK-like catfish
cell lines indicate that NITRs are involved in allorecognition (Cannon et al. 2008); however,
specific molecular ligands have not been identified. These observations, along with the
structural and signaling similarities to mammalian KIRs, led us to hypothesize that NITRs
function as NK receptors in teleosts (Yoder and Litman 2011).

NITR genes or transcripts have been identified in most major lineages of teleosts including
tetraodontiformes (pufferfish), perciformes (stickleback), ovalentariea (medaka), gadiformes
(cod), salmoniformes (trout), siluriforms (catfish), cypriniformes (zebrafish), clupeiformes
(lake whitefish), as well as in a Holostean fish (gar); however, NITRs have not been
identified in cartilaginous fish or other vertebrate lineages (Yoder 2009). Comparisons of
NITR Ig domain sequences between fish species indicates that NITR gene cluster
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expansions have occurred in a species-specific manner. Different numbers of NITR genes
are found in different species and any given NITR within a species is more related to other
NITRs within that species than to NITRs in a different species (Yoder 2009). Despite the
species-specific differences in NITR sequences and gene number, NITRs likely are present
in all teleosts.

4.2. Diverse immunoglobulin domain containing proteins (DICPs)

Efforts to identify NITRs from cartilaginous fish, resulted in the identification of the Ig
domain-containing modular domain immune-type receptor (MDIR) gene family from
clearnose skate (Raja eglanteria) (Cannon et al. 2006). Using the MDIRs as search queries,
three gene clusters were identified in the zebrafish reference genome (Zv8) that are distinct
from NITRs and named DICPs (Cannon et al. 2006;Haire et al. 2012). DICPs possess one or
two types of 1g domains referred to as D1 and D2. All DICP genes encode at least one D1
domain which can be divided into three groups based on sequence similarity and
chromosomal location. This relationship is reflected in their gene nomenclature. The DICP1,
DICP2 and DICP3 groups are encoded in clusters on chromosomes 3, 14 and 16,
respectively and individual genes are named in the order that their D1 domains were
identified (e.g. dicpl.2 is encoded by the DICP1 group and encodes the second D1 domain
identified in this cluster). Some DICP genes encode a single D1 domain, whereas others
encode a D1 domain and membrane proximal D2 domain, although differential MRNA
splicing can produce DICPs with a single D2 domain (Haire et al. 2012). As observed in
Figure 1, the DICP D1 and D2 domains each are highly conserved in sequence and share
little sequence similarity to Ig domains from other families.

Multiple DICP transcripts are predicted to encode a single putative activating receptor,
multiple receptors with two or three cytoplasmic ITIM or itim sequences, membrane bound
receptors with no identifiable signaling motifs and secreted forms (Figure 2), reminiscent in
part of the structural variation observed in NITRs. The single activating receptor, Dicp2.1
possesses a negatively charged residue within the transmembrane domain and is predicted to
partner with and signal through an adaptor protein as observed for mammalian CLM-5
(CD300LD) (Haire et al. 2012). Thus, the zebrafish DICP family is predicted to include both
inhibitory and activating forms. Expression patterns of DICPs have not yet been reported.

Recombinant DICP Ig domains were shown to bind various phospholipids and lipid extracts
from various bacteria in an ELISA-based assay (Haire et al. 2012). Of the seven DICP Ig
domains examined, it was shown that the D1 domain of Dicp1.5 bound phospholipids with
the broadest specificity while the D1 domain of Dicpl.14 displayed a narrow specificity for
binding extracts from Mycobacterium. Although the ability to bind phospholipids is
conserved between the DICP1 and DICP2 families (e.g. the D2 domain of Dicp2.1 binds
with broad specificity), no lipid binding was detected for the D1 domain of Dicp3.1. The
ability of DICPs to bind phospholipids is shared with the mammalian CD300 and TREM
family of receptors and suggests they may share a common or at least related function
(Cannon et al. 2012;Choi et al. 2011).
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4.3. Polymeric immunoglobulin receptor-like proteins (PIGRLS)

In mammals, the polymeric immunoglobulin receptor (pIgR) is an integral transmembrane
glycoprotein that transports soluble polymeric Igs such as plgA across mucosal epithelial
cells. For example, pIgA is expressed by plasma cells present in the lamina propria
underlying the intestinal epithelium and is bound by plIgR on the basolateral surface of
epithelial cells. plgR transports plgA through the epithelial cell by transcytosis (Asano and
Komiyama 2011;Kaetzel 2005). The transport of plgA by plgR to the intestinal lumen is
essential for protecting the host from invading pathogens and maintaining homeostasis
(Johansen et al. 1999).

The mammalian plgR is encoded by a single copy gene (PIGR) that encodes five
extracellular g domains (D1-D5) (Asano and Komiyama 2011;Kaetzel 2005). Alternatively
spliced PIGR transcripts lacking the D2 and D3 domains have been reported in rabbit and
cow (Deitcher and Mostov 1986;Kulseth et al. 1995). Chicken and Xenopus plgR possesses
four 1g domains; the D2 domain found in mammals is lacking in these latter species
(Braathen et al. 2007;Wieland et al. 2004). Full-length transcripts encoding a plgR homolog,
which possesses two Ig domains, have been identified in multiple fish species including
zebrafish, fugu (Takifugu rubripes), grouper (Epinephelus coioides), common carp
(Cyprinus carpio), Atlantic salmon (Salmo salar) and rainbow trout (Oncorhynchus mykiss)
(Feng et al. 2009;Hamuro et al. 2007;Kortum et al. 2014;Rombout et al. 2008; Tadiso et al.
2011;Zhang et al. 2010). Teleost plIgR is expressed by lymphoid organs including mucosal
tissues (intestine, skin and gill) and has been shown to bind both IgM and IgZ/IgT (Feng et
al. 2009;Hamuro et al. 2007;Rombout et al. 2008; Tadiso et al. 2011;Zhang et al. 2010).

plgR-like (PIGRL) transcripts were identified originally from Atlantic salmon and common
carp (Cannon et al. 2006;Ribeiro et al. 2011;Tadiso et al. 2011). The carp PIGRL protein
was shown to be expressed abundantly in macrophages and is secreted upon immune
stimulation (referred to as a soluble immune-type receptor, SITR, in: Ribeiro et al. 2011).
Recently a PIGRL multigene family was described adjacent to the single copy zebrafish pigr
gene on chromosome 2 (Kortum et al. 2014). Twenty-nine distinct PIGRL genes were
identified and transcripts corresponding to ten of these genes encode membrane-bound
receptors with two cytoplasmic ITIM or itim sequences or secreted forms (Figure 2).
Activating PIGRL receptors have not yet been identified. All PIGRL transcripts encode two
Ig domains, D1 and D2. Although PIGRL D2 domains are highly similar in sequence,
phylogenetic analyses of the PIGRL D1 domains define four groups of PIGRL proteins
(PIGRL1 - PIGRL4). Individual gene names include the group number and a second
number indicates the order in which they were identified (e.g. pigrl3.2 is the second gene
identified in PIGRL group 3) (Kortum et al. 2014).

Zebrafish PIGRL genes are differentially expressed in lymphoid and myeloid cells. PIGRL1
and transcripts are predominantly detected in lymphoid cells whereas PIGRL2 transcripts
are predominantly detected in myeloid cells. PIGRL3 and PIGRL4 transcripts are detected
from both leukocyte lineages. An examination of PIGRL gene expression in adult tissues
after bacterial or viral infection produced contradictory outcomes: bacterial infection led to a
generalized increase in PIGRL transcript levels, whereas viral infection led to a generalized
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decrease in transcript levels of PIGRLs. Although there are a variety of mechanisms that
may cause these different responses, one possibility is that PIGRL expression is down
regulated through virally induced immune suppression (Kortum et al. 2014).

Recombinant PIGRL1 Ig domains have been shown to bind phospholipids in a manner
similar to DICPs (see above). The g domains expressed from PIGRL2, PIGRL3 and
PIGRL4 proteins did not show lipid binding and their ligands remain unknown (Kortum et
al. 2014).

4.4. Novel immunoglobulin-like transcripts (NILTS)

NILTs have been described from carp, trout and salmon and are encoded on zebrafish
chromosome 1 (Kock and Fischer 2008;Ostergaard et al. 2009;Ostergaard et al. 2010;Stet et
al. 2005). Individual NILTs encode one or two Ig domains, which exhibit sequence and
structural similarity to human TREM/NKp44, human CD300 and Xenopus plgR Ig domains
(Kock and Fischer 2008;Stet et al. 2005). NILTs encode type | transmembrane receptors that
possess cytoplasmic ITIMs or ITAMs as well as secreted isoforms. NILTs are encoded by a
multigene family as evidenced by Southern blot analyses in carp and sequencing of six
NILT genes from a single salmon genomic (BAC) clone (Ostergaard et al. 2010;Stet et al.
2005). Although no reports have been published describing zebrafish NILT transcripts, niltl
and nilt2 (GenBank: BN001234 and BN001235), respectively, are predicted to encode one
and two Ig ectodomains and cytoplasmic itims (Ostergaard et al. 2009;Stet et al. 2005). This
is likely an under-representation of the NILT genes encoded by zebrafish as 104 NILT-
related 1g domains can be identified on chromosome 1 of the current (Zv9) zebrafish
reference genome (Wecisel and Yoder, unpublished observations).

The two types of carp NILTs are: Cyca-NILT1 which encodes a single Ig domain and a
cytoplasmic ITAM, and Cyca-NILT2 which encodes a single Ig domain and cytoplasmic
ITIMs (Figure 3; Stet et al. 2005). Four types of NILTs have been described in trout. Onmy-
NILT1 undergoes alternative splicing to generate a membrane bound isoform that possesses
two lg ectodomains, a cytoplasmic ITIM, a cytoplasmic itim and cytoplasmic ITAM as well
as a secreted isoform. Onmy-NILT2 encodes a single Ig ectodomain and a cytoplasmic
ITAM. Onmy-NILT3 encodes two Ig domains and three cytoplasmic ITIM/itim sequences.
Onmy-NILT4 encodes a type | transmembrane protein that possesses four cytoplasmic
ITIM/itim sequences and undergoes alternative splicing resulting in isoforms that possess
one or two Ig ectodomains (Figure 3; Kock and Fischer 2008;Ostergaard et al. 2009). There
is evidence for more than nine NILT genes in salmon in which the nomenclature has named
new sequences sequentially (e.g. Sasa-NILT1 was the first described) and the structural
variation of salmon NILTSs reflects that observed in trout (Figure 3). As RT-PCR amplicons
from a single carp reveal 53 different NILT sequences (Stet et al. 2005), it is highly likely
that many more NILTS remain to be described from all of these species and not all structural
variants have been recognized. The genomic organization and structural variation of
zebrafish NILTs remains to be described and annotated.

The expression of carp and trout NILTs has been described. The highest expression is seen
in lymphoid tissues (kidney, spleen and thymus) and it is anticipated that zebrafish NILTs
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will display similar expression patterns (Kock and Fischer 2008;Ostergaard et al. 2009;Stet
et al. 2005). Ligands for NILTs remain unknown.

4.5. Leukocyte immune-type receptors (LITRS)

LITRs are type | transmembrane proteins that possess two to six g ectodomains and have
been best described from channel catfish (Figure 3; reviewed by Montgomery et al. 2011).
Catfish LITRs are encoded by a multi-gene family located at multiple loci and include
inhibitory and activating forms (Figure 3; Cortes et al. 2012;Montgomery et al.
2012;Stafford et al. 2006;Stafford et al. 2007). LITR Ig domains share similarity to
mammalian FcR, FcR-like, KIR, LILR and NKp46 sequences (Stafford et al. 2006).
Although zebrafish LITR transcripts have not been identified, putative LITR genes from
Zv8 have been described (Stafford et al. 2006). Conservative estimates suggest at least 137
Ig domains from the current zebrafish reference genome (Zv9) belong to the LITR family
which share 33-58% identity with catfish LITRs (Wcisel and Yoder, unpublished
observations). This high level of sequence diversity between zebrafish and catfish LITRs
confound efforts to predict the number and organization of individual zebrafish LITR genes
based only on genomic Ig domain exons.

Expression analyses reveal catfish LITR transcripts to be the highest in kidney, gill, spleen
and PBLs, as compared to liver, muscle and intestine. LITR transcripts were detected in
macrophage, B cell, cytotoxic T cell, and NK-like cell lines (Stafford et al. 2006). In
addition, multiple LITR transcripts are increased dramatically in PBLs and cytotoxic T cell
lines after exposure to alloantigen (Stafford et al. 2007). Although ligands have not been
identified for LITRs, some LITRs are predicted to bind MHCI (Stafford et al. 2007).
Recombinant forms of ITIM-containing LITRs associate with SHP-1 and SHP-2 following
treatment with the protein phosphatase inhibitor, pervanadate (Montgomery et al. 2009). In
the context of transfected mammalian cells, surface expression of a recombinant activating
LITR, which possesses a positively charged residue within the transmembrane domain, is
increased by co-expression with the ITAM-containing adaptor proteins FcRy and FcR-y-
like. Activating LITRs associate with these adaptor proteins as well as with CD3C-like
(Mewes et al. 2009). In addition, recombinant activating LITRs have been shown to form
non-covalent homo- and heterodimers suggesting a complex mechanism for regulating
LITR-mediated signaling.

The nomenclature of catfish LITRs has been based on the structures of the initial LITR
transcripts designated, LITR1 (which encodes an inhibitory receptor) and LITR2 and LITR3
(both of which are activating receptors) (Figure 3; Stafford et al. 2006). Subsequent LITR
transcripts have been named based on their similarity to the original transcripts (e.g. LITR1-
like and LITR2-like) (Montgomery et al. 2011;Stafford et al. 2007). The complete genomic
organization and structural variation of LITRs remains to be described and annotated in any
fish species including zebrafish.

5. Defining the Ilg domain differences

The zebrafish protein families discussed above can be distinguished from one another based
on gene organization, sequence variation (see Figure 1) and Ig domain structure including
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the spacing of cysteine residues within Ig domains. The general characteristics of each
family are summarized in Table 1. Whereas overall protein structures and signaling
capabilities (via ITIMs/ITAMs or adaptor molecules) are conserved between protein
families, many unique features distinguish each gene family, even in the absence of
complete functional data. Given the remarkably large dataset now available, consisting of
418 different Ig domains, broad classifications can be attributed.

Within the Ig domains of each family, there is a large degree of amino acid sequence
variation which is complicated by the observation that each gene family possesses multiple
groups of similar Ig domains. In contrast to the NITR, DICP and PIGRL families which
encode two very distinct types of Ig domains, the NILT and LITR families possess at least
three and six different types of Ig domains, respectively (Haire et al. 2012;Kortum et al.
2014;Montgomery et al. 2011;Ostergaard et al. 2010;Yoder 2009). Pairwise sequence
comparisons reveal that homology between g domains of the same type, for example NITR
V domains, can be as low as 45% identical and 50% similar (Wcisel and Yoder, unpublished
observations). Despite the relatively reduced level of sequence conservation, detailed
comparisons reveal that g domains group together by Ig type within each gene family
(Figure 1), revealing signatures within the predicted structures of the Ig domains that are
unique to each receptor family.

The spacing between conserved pairs of cysteine residues is relatively unique among the
gene families. As discussed above, the spacing between C23 and C194 can be employed to
characterize an Ig domain as V, C1, C2, or | and are separated by 4475 residues (Barclay
2003;Harpaz and Chothia 1994;Smith and Xue 1997). When available, x-ray
crystallography or protein structure modeling confirmed the classifications for these protein
families (Cannon et al. 2008;Ostrov et al. 2007;Stet et al. 2005). Additional pairs of cysteine
residues also appear to be unique among each gene family (Table 1). For example, NITR |
domains possess four additional highly conserved cysteines: three that fall between C23 and
C104 and one at position C199, whereas NITR V domains do not possess additional
conserved cysteines (Yoder 2009). In DICP D1 and D2 domains, a wide spacing between
two additional conserved cysteines (CXss_a3 C) present between C23 and C104 is observed.
In the case of PIGRL D2 domains, two additional cysteines separated by six residues
(CXgC) are seen, whereas only the PIGRL1, PIGRL3, and PIGRL4 D1 domains possess two
additional cysteines (C*2 and C#%/C50/C52) spaced seven or nine residues apart (CX7C or
CXgC). D1 domains of PIGRL2 proteins do not possess these additional cysteines (Kortum
et al. 2014). NILT Ig domains can be divided into at least three subgroups based on the
spacing between cysteines present in the C and C' strands: CX3C, CXgC and CX;C
(Ostergaard et al. 2010). LITR Ig domains lack additional conserved cysteine pairs.

The Ig domains of NILTs and NITR | domains share a 21 residue motif (I/VF/Y XL/
VX4LX5GXYXCXI/V) that includes C194 as well as the residues that are conserved in
classical V domains (Kock and Fischer 2008); many PIGRL proteins also contain this
sequence. This motif spans the E and F strands in opposing p-sheets of the Ig fold and may
be important for defining a ligand binding pocket (Kock and Fischer (2008).
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Many of the gene families also contain unique sequences not shared across the other
families. Many NITR V and | domains contain a sequence similar to joining (J) domains
(FGXGTXLXV) present in immunoglobulins and T-cell receptors after V(D)J
recombination (Litman et al. 2001;Yoder 2009). PIGRL proteins share a conserved IPCXY
motif at the C23 position with plgR molecules (Kortum et al. 2014). DICP D2 domains
typically contain a poly-serine stretch in the amino-terminus which is caused by a triplet
repeat expansion at the beginning of this exon (Haire et al. 2012).

6. Evidence for haplotypic variation

The human KIR gene cluster displays polymorphic and copy number variation between
individuals resulting in over one hundred known KIR haplotypes (Middleton and Gonzelez
2010). Figure 4 demonstrates that the NITR, DICP, PIGRL, NILT and LITR gene clusters
are located in chromosomal regions with high levels of copy number variation. In addition,
there is growing evidence that the polymorphic NITR, DICP and PIGRL gene clusters
display multiple haplotypes that encode different genes (Haire et al. 2012;Kortum et al.
2014;Yoder et al. 2004;Yoder et al. 2008). A comparison of the NITR, DICP and PIGRL
loci to the Database of Genomic Variants archive (DGVa; Lappalainen et al. 2013) reveals
that these gene clusters are indeed in chromosomal regions that display high levels of copy
number variation, suggestive of gain and loss of haplotypes between individuals (Figure 5).
Detailed analyses of the zebrafish NILT and LITR clusters remain to be examined, but are
expected to display multiple haplotypes as well.

Haplotypic variation may explain the difficulties experienced in assembling these regions of
the reference genome as DNA from multiple individuals were merged into the reference
genome. For example chromosome 7 genomic scaffolds 908 and 909 that encode numerous
highly similar NITR genes (Figure 5A) show different organizations for these genes: in
scaffold 908, the nitr3 genes are flanked by nitr4 and nitr7 genes while in scaffold 909 the
nitr3 genes are flanked by nitr2 and nitr7 genes. Although this could be a result of recent
gene duplication events, it may also be the result of misassembled scaffolds resulting from
joining contigs derived from different haplotypes. In addition, chromosome 7 scaffold 910
joins two contigs that both encode the map4k2l, menl and rtn3 genes adjacent to two nitr6
genes; in this case, it seems likely that each contig may represent a different haplotype. A
similar scenario is observed for scaffold 1953 that joins two contigs that both encode
dicp2.1, dicp2.2 and phox2bb (Figure 5B). It is likely that the haplotypic variation at these
loci is far more complex than described here and may play a significant role in inter-
individual immune health.

7. Conclusions

Investigations of large multigene families encoding receptor-like molecules that are
predicted to effect innate immune function have been carried out in a number of different
species of bony fish. In most cases, orthology with molecules identified in higher vertebrate
forms cannot be recognized. In the case of the NITRs, the most extensively characterized of
these gene families, the patterns of divergence in disparate groups are similar, although the
genetic variants are extensively diverged both within and between multigene families. Taken
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together with the extensive differences in domain types and numbers, putative mechanisms
of intracellular signaling and in some cases haplotypic and extensive allelic variation, it
appears as if chromosomal mechanisms are in place that facilitate rapid divergence and
functional specialization of different classes of immune-type receptors even though species
are presumed to be subjected to similar selective processes. Further exploration of the
functional variation in such molecules will rely heavily on the use of new methods of
targeted gene disruption. Investigations into the mechanisms of genetic variation that occurs
in these receptor gene families and how they are stabilized in the different species represent
key focus areas for future avenues of research involving alternative pathways of innate
immunity.
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Figure 1. Heat map of pairwise genetic distances between zebrafish NITR, DICP, PIGRL, NILT
and LITR Ig domains
The entire dataset (418 Ig domains) as well as two plgR Ig domains (included with the

PIGRLs) were aligned using default settings of Clustal Omega (Sievers et al. 2011). Poisson
corrected distances were calculated using Meta-PIGA (Helaers and Milinkovitch 2010). The
heat map was generated using Microsoft Excel 2013. Minimum and maximum distances
were 0.4423 and 7.072 respectively.
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Sequences have been reported (Haire et al. 2012;Kortum et al. 2014;Y oder et al. 2004;Y oder
et al. 2008). Proteins are organized by inhibitory, activating, functionally ambiguous and
secreted forms. Activating receptors are boxed. The Ig domains of (A) NITR (V and 1), (B)
DICP (D1 and D2) and (C) PIGRL (D1 and D2) proteins are indicated. Ig domains that
include a joining (J) or J-like (j) sequence are labeled with a subscript J or j. Cytoplasmic

ITIMs, ITIM-like (itim) sequences and tyrosines as well as charged residues (& or ©)
within transmembrane domains are labeled. Proteins encoded by splice variants are

indicated with asterisks (*). This is not meant to be a complete catalog of proteins from
these families as additional proteins sequences and structures will likely be identified in the

future.
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A. Teleost NILTs
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Figure 3. Predicted structures of teleost NILT and LITR proteins
Sequences have been reported (Montgomery et al. 2011;Ostergaard et al. 2009;Ostergaard et

al. 2010;Stet et al. 2005). Proteins are organized numerically: activating receptors are boxed.
The Ig domains of (A) NILT (D1 and D2) and (B) LITR (D1, D2, D3, D4, D5 and D6)
proteins are indicated. Cytoplasmic ITAMs, ITIMs, ITIM-like (itim) sequences and
tyrosines as well as charged residues (&) within transmembrane domains are labeled.
Proteins encoded by splice variants are indicated with asterisks (*). This is not meant to be a
complete catalog of proteins from these families as additional proteins sequences and
structures will likely be identified in the future.
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Figure 4. Genomic loci of zebrafish NITR, DICP, PIGRL, NILT and LITR gene clusters
The location of each zebrafish NITR, DICP, PIGRL, NILT and LITR locus is shown in

relation to a published chromosomal map of copy number variation (CNV). 31,749 CNVs
found in 80 individual zebrafish were combined into a non-redundant dataset of 6,080 CNV
elements (CNVESs) (Brown et al. 2012). Lengths of green (CNV gain) and red (CNV loss)
horizontal lines reflect relative CNVE frequencies at respective chromosomal locations.
CNV image courtesy of Charles Lee, The Jackson Laboratory Institute for Genomic
Medicine.
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Figure 5. Evidence for haplotypic variation at the NITR, DICP and PIGRL loci
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The regions of (A) chromosomes 7 and 14 that encode the NITR genes, (B) chromosome 3,
14 and 16 that encode the DICP genes and (C) chromosome 2 that encodes the PIGRL genes
are shown in detail. Graphics were adapted from the Ensembl Genome Browser,
www.ensembl.org/Danio_rerio/. The NITR, DICP and PIGRL genes (red and orange) and
relevant flanking genes (brown) are annotated above and below the genomic contigs. The
Database of Genomic Variants archive (DGVa) provides the genomic structural variants:
regions of copy number variation (CNV) are indicated in black, regions of gene loss are
indicated in red, and regions of gene gain are indicated in blue.
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Sequence and structural characteristics of immunoglobulin domain-containing innate immune receptor

families in zebrafish

Feature NITR DICP PIGRL NILT LITR
Min. estimate of genes 39 29 29 N >232
Ig domains per molecule 1-2 1-2 2 1_2b 1_6b
Encoded by zebrafish chromosomes 7,14 3,14, 16 2 1 3,7
Members with cytoplasmic ITAM No No No Yesb Nob
Members with charged residue in TM Yes, + charge Yes, — charge Unknown Nob Yes, + chargeb
Adaptor protein Dap12 Unknown Unknown Unknown FcRy, FcRyLb
Members with cytoplasmic ITIM Yes Yes Yes Yesb Yesb
Ig types V, I V-like \Y V-like C2-like
C2 to C1% spacing 64-73 59-67 59-66 56-63° 36, 40-52°
No internal
Spacing of additional cysteine pairs CsinV 35-43 6,7, gd 3,6, b No internal C's?
domain®
J domains;
mediates L. i b Putative MHC
Notable Features allogeneic Poly-serine in D2 | Conserved pIgR motif | CcX,C motif b
b binding site
recognition
(IIV)(FIY)X(LIV)X4LX5GXYXCX(1/V) motif Yes No Yes Yesb Nob
Ligands Unknown Phospholipids Phospholipids Unknown Unknown

a . - . .
Approximate numbers of NILT and LITR genes were calculated by dividing the total number of Ig domains by two (NILTS) or six (LITRS)

b . )
Based on transcripts from catfish, carp, trout and/or salmon

NITR I domains contain six conserved cysteine residues and are excluded from this analysis

d . . .
Not all 1g domains possess an extra cysteine pair
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