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Abstract

Natural killer (NK) cells play major roles in innate immunity against viruses and cancer. Natural killer receptors (NKR)
expressed by NK cells recognize foreign- or self-ligands on infected and transformed cells as well as healthy cells. NKR
genes are the most rapidly evolving loci in vertebrates, and it is generally difficult to detect orthologues in different taxa.
The unique exception is NKp30, an activating NKR in mammals that binds to the self-ligand B7H6. The NKp30-encoding
gene, NCR3, has been found in most vertebrates including sharks, the oldest vertebrates with human-type adaptive immunity.
NCR3 has a special, non-rearranging VJ-type immunoglobulin superfamily (IgSF) domain that predates the emergence of
the rearranging antigen receptors. Herein we show that NCR3 loci are linked to the shark major histocompatibility complex
(MHC), proving NCR3’s primordial association with the MHC. We identified eight subtypes of differentially expressed
highly divergent shark NCR3 family genes. Using in situ hybridization, we detected one subtype, NS344823, to be expressed
by predominantly single cells outside of splenic B cell zones. The expression by non-B cells was also confirmed by PCR in
peripheral blood lymphocytes. Surprisingly, high expression of NS344823 was detected in the thymic cortex, demonstrating
NS344823 expression in developing T cells. Finally, we show for the first time that shark T cells are found as single cells or
in small clusters in the splenic red pulp, also unassociated with the large B cell follicles we previously identified.
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Introduction complex (MHC) class I, thereby inhibiting NK cell activa-
tion. Activating receptors detect specific cell-surface mol-

Natural killer (NK) cells are components of the innate ecules on infected or transformed cells and activate NK cells

immune system that target virally infected cells and tumors,
using a combination of activating and inhibitory cell surface
receptors. Inhibitory receptors survey the cell surface for
normal, healthy markers, including major histocompatibility
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to eliminate those cells via direct killing or cytokine produc-
tion. The balance of signals transduced by activating and
inhibitory receptors dictates the outcome of NK cell activa-
tion during the immune response (Vitale et al. 2019). Most
NK receptors (NKR) contain either C2-type immunoglob-
ulin superfamily (IgSF) (e.g., KIR) or C-type lectin (e.g.,
LY49) domains, and NKR gene numbers for each type vary
greatly in different vertebrate species (Yoder and Litman
2011). There are other receptors on NK cells, such as natural
cytotoxicity triggering receptors (NCR) 1-3. Although all
NKRs play roles in NK cell lysis, the three NCR are differ-
ent in structure and are derived from a different evolutionary
origin, although each of them is encoded in the MHC or an
MHC paralogous region. NCR1 has a C2-type IgSF (Pessino
et al. 1998) and is encoded near the Leukocyte Receptor
Complex (LRC) on human chromosome 19. NCR2 (Cantoni
et al. 1999) has a special V-IgSF that is found in TREM and

@ Springer


http://orcid.org/0000-0002-3944-2530
http://orcid.org/0000-0002-2274-6415
http://orcid.org/0000-0002-2520-0397
http://orcid.org/0000-0001-8540-8301
http://orcid.org/0000-0002-0669-1696
http://orcid.org/0000-0002-1556-0305
http://orcid.org/0000-0003-4262-7832
http://orcid.org/0000-0002-2792-5084
http://orcid.org/0000-0002-2348-9107
http://crossmark.crossref.org/dialog/?doi=10.1007/s00251-021-01209-6&domain=pdf

Immunogenetics

PIGR family genes and is encoded in the MHC (Allcock et al.
2003). NCR3 has a unique type of IgSF domain (see below)
and is also encoded in the human MHC (Pende et al. 1999).
Most NKR evolve rapidly and are thus are generally species-
specific, including NCR1 and NCR2. Note that outside
mammals, only bony fish possess NCR2 (Stet et al. 2005).
However, we have previously identified NCR3 (NKp30) genes
from sharks and amphibians, revealing that NCR3 is the most
evolutionarily conserved NKR preserving some primordial
features of NKR and rearranging antigen receptors (Flajnik
etal. 2012).

Mammalian NCR3 is a single-copy gene encoding an
activating receptor that contains positively charged amino
acid residues (arginine) in the transmembrane domain that
make an ionic bond with aspartic acid or glutamic acid resi-
dues in the transmembrane domains of adaptor proteins (e.g.,
CD3z) (Pende et al. 1999). Adaptors have the immunorecep-
tor tyrosine-based activation motif (ITAM) in their cytoplas-
mic tails that initiate activation signaling cascades in NK
cells resulting in either the production of cytokines or cel-
lular cytotoxicity (Kruse et al. 2014). Unlike most NKR with
C-type lectin or C2 IgSF domains, NCR3 has a single extra-
cellular domain of the so-called VJ-type IgSF (VJ-IgSF) that
resembles antigen receptors (i.e., immunoglobulin (Ig) and
T cell receptor (TCR)) (Flajnik et al. 2012; Du Pasquier
et al. 2004). However, unlike antigen receptors in which the
VIJ-IgSF domains are generated by recombination activating
gene (RAG)-mediated somatic gene rearrangement of
several gene segments (Flajnik 2016; Tonegawa 1983),
the VJ-IgSF of NCR3 is non-rearranging and encoded by
a single exon. It has been hypothesized that such single-
exon VJ-IgSF domains predated the emergence of antigen
receptors (Du Pasquier et al. 2004; Sakano et al. 1979), and
thus, receptors containing these domains may be related to
ancient immune receptors (Du Pasquier et al. 2004; Fu et al.
2019; Ohta et al. 2019).

Mammalian NCR3 is expressed on the surface of NK
cells, recently expanded ydT cells, activated CD8 cells, and
innate lymphocytes (Hudspeth et al. 2013; Correia et al.
2018). NCR3 binds to the self-ligand B7H6, which is upreg-
ulated on tumor cells in humans. Interaction of NCR3 with
B7H6 leads to activation of NK cells and induces cytoly-
sis of target cells resulting in apoptotic cell death (Brandt
et al. 2009). We have observed a strong positive correlation
between the presence, absence, and number of NCR3 and
B7HG6 genes in all vertebrates examined, suggesting coevolu-
tion between NCR3 and B7H6 throughout vertebrate evolu-
tion (Ohta and Flajnik 2015).

Sharks are Chondrichthyans, the oldest jawed vertebrate
class possessing a mammalian-type adaptive immune system
based on presence of Ig, TCR, RAG-based gene rear-
rangement, and the MHC (Flajnik 2018). Previous studies
demonstrated that the shark genome is stable yet preserves
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some primordial features, and therefore, Chondrichthyans
are suitable models to study genome evolution (Ohta et al.
2011; Venkatesh et al. 2007, 2014). Since NCR3 genes are
MHC-linked in mammals, we sought to determine whether
the NCR3 linkage to MHC is primordial by examining its
linkage to the shark MHC.

In addition to genomic analyses, we examined expres-
sion of the shark NCR3 genes. Over 35 years ago, Pettey
and McKinney discovered spontaneously lysing shark killer
cells proposed to be NK cells (Pettey and McKinney 1983),
but to date there have been no molecular tools to definitively
identify such cells. In this study, we identified divergent
shark NCR3 family genes and analyzed NCR3 expression
using the nurse shark. Our studies revealed some unexpected
expression patterns of this ancient NKR.

Materials and methods
Database searches

We searched for nurse shark NCR3 transcripts with
tBLASTn using previously reported (Flajnik et al. 2012)
Xenopus and dogfish shark (ES788778; Fig. 1) NCR3
sequences in the nurse shark RNAseq databases gener-
ated from spleen and thymus (NCBI (ncbi.nlm.nih.gov)
GSM1893239-GSM 1893252 (Venkatesh et al. 2014)). All
hits were further validated using BLASTx against vertebrate
“nr” databases to confirm the best matches were NCR3
from other vertebrate species including mammals. NCR3
homologs of other vertebrates were also found during the
process, and they were further confirmed against mammalian
databases with BLASTp. NCR3 genes were also searched in
the cartilaginous fish protein databases in NCBI by BLASTp
using translated nurse shark NCR3 genes. In addition, for all
cartilaginous fish, we searched their genomic scaffolds by
tBLASTn and identified VJ-IgSF exons. Those exons only
present in the genome sequences were further evaluated
by BLASTx to confirm homology to NCR3. In the species
whose genome has been assembled, we obtained location
of the NCR3 genes in the “Gene” page at NCBI and exam-
ined other genes in the scaffolds. All accession numbers are
taken from the NCBI GenBank site. Sequence information
can be retrieved by searching the “Gene” page with given
accession numbers.

Bacterial artificial chromosome library screening

We screened 17 BAC library (Luo et al. 2006) filters with
radio-labeled variable (V) IgSF domains of NS344823
and NS348460 under high stringency conditions (Bartl
et al. 1997). Membranes were exposed to X-ray film
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Fig. 1 Alignment of the nurse shark VJ exon and other vertebrate
NCR3 protein sequences. The V] domains of eight nurse shark (NS)
sequences identified from RNAseq and NCR3 family genes identi-
fied in the whale shark and elephant shark were aligned using clustal
omega along with human, rat, and coelacanth NCR3 sequences. The
grey-shaded residues are amino acid residues of typical IgSF (also
marked with asterisk) and “GXG” in the G-strand. B7H6 interaction
sites of human NCR3 are denoted with “b” above alignment based
on the co-crystal structure of human NCR3 and B7H6 (Joyce et al.

to identify locations of the positive clones. Positive
clones were purchased from Arizona Genome Institute
(www.genome.arizona.edu) and grown in media with
chloramphenicol (12.5 pg/ml). BAC DNA was extracted

2011; Li et al. 2011). Dots and dashes indicate the same amino acid
residues compared with human or a gap, respectively. Sequences
starting with NS, WS, and ES are form nurse shark, whale shark,
and elephant shark, respectively. Gene models (i.e., predicted genes)
starting with “XP_" are accession numbers from the whale shark
(WS: Rhincodon typus) and elephant shark (ES: Callorhinchus milii)
genomes. Bracketed sequences are orthologous gene groups among
different sharks based on the phylogenetic tree analyses (Fig. 4)

using the alkaline-lysis method and sequenced at the
University of Maryland, Genomics Resource Center (http://
www.igs.umaryland.edu/grc), using PAC Bio platform.
Sequences were submitted to GenBank (accession numbers
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MT914168-MT914170). Note that the BAC131D21
contains an ambiguous block region, thus account for two
accession numbers.

Southern blotting

Genomic DNA (5 pg) from shark erythrocytes was digested
with various restriction enzymes (RE) to obtain allele-
specific restriction fragment-length polymorphism patterns
(RFLP). To obtain the number of each NCR3 subfam-
ily gene, we selected four siblings (sib 3, 17, 35, and 39)
from the previously MHC-typed family members (family
of mother and 39 siblings (Ohta et al. 2002)). Since this
family is the result of multiple paternity, the selected four
siblings carry different combination of maternal and pater-
nal MHC haplotypes based on the genotypes of MHC class
I, MHC class I processing genes, and class II genes. We
also used five unrelated animals for the NS334913 probe.
Each V domain of nurse shark NCR3 genes was used as
32P_labeled-probes, except for the NS348460 probe, which
contains parts of the transmembrane- and leader-encoding
regions. All hybridizations were performed under high-
stringency conditions (50% Formamide/2X saline sodium
citrate (SSC)/5x Denhard’s/2% sodium dodecyl sulfate
(SDS) at 42 °C), and washes under moderate-stringency
washes (medium (0.5x SSC/0.2% SDS at 55 °C) followed
by high stringency (0.2x SSC/0.2% SDS at 65 °C) to detect
all genes belonging to each subfamily. Hybridizing bands
were detected by exposing membranes to X-ray film.

Phylogenetic tree analyses

We determined the exons encoding the VJ-IgSF domains
from genomic sequences of most genes at NCBI (https://
www.ncbi.nlm.nih.gov/gene/). When genes were not
annotated, exonic regions were translated and aligned with
those of other species to determine the exon-intron boundaries.
These exons were aligned using “Muscle” and conducted
maximum-likelihood (ML) with JTT-matrix model (Jones
et al. 1992) and UPGMA tree analyses using the MEGAX
program (Kumar et al. 2018). Bootstrap was set to 500 runs.
We included all cartilaginous fish NCR3 family genes as
well as other species including coelacanth, Xenopus, alliga-
tors, turtles, and mammals. As control genes, we included
genes containing non-rearranging VJ-IgSF domains,
especially those mapping near the MHC region in non-
mammalian species, such as PRARP (Fu et al. 2019; Ohta
etal. 2019), XMIV (Ohta et al. 2006), and Xenopus VIC1,sg
(Ohta et al. 2019). We also included amphioxus IgVJ-C2
(Chen et al. 2018), an invertebrate gene that contains an
VIJ-IgSF domain. As a distantly related gene, we added
CD83, which has a V-IgSF and maps near the MHC. We
also included V-IgSF domains from B7H6 and TAPBP,
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which share a common ancestor among themselves, but do
not share a recent common ancestor with NCR3. To root the
trees, we used the Constant-type 1 IgSF (C1-IgSF) domain
of p2-microglobulin (B2M). The B2M genes map in the
shark MHC (Ohta et al. 2011). Accession numbers used for
these analyses are provided in Fig. 4 and Online Resource 4.

RT-PCR

First-strand cDNA was synthesized from 500 ng of total
RNA isolated from various nurse shark tissues using the
SuperScript™ IV first-strand synthesis system (Invitrogen)
following the manufacture’s recommendations. The cDNA
from various tissues was used for PCR using inter-exon
primers to eliminate amplification of residual DNA. Prim-
ers used for expression patterns are NS344823 (5'-aatctg-
caccattacgtgctg-3'; 5'-agcactatctaagcttgattc-3'), NS348460
(5'-caatcagtcctcatcecgtg-3'; S'-atacttccttgttagtcace-3"),
NS334913 (5'-aaaggagccgtggtgeagtc-3'; 5'-ctggtttegece-
cacaatgga-3'), NS319747 (5'-gatacgaag atgaatgtcac-3';
5'-ctgccacgattagaacgeac-3'), and NS278427 (5'-gttctgcattct-
tagtcttgg-3'; 5'-actgcettgagacaaattccac-3"). PCR was per-
formed using the GoTaq enzyme (Takara Bio) with cycling
conditions: 95 °C for 2 min (hot start), then cycled 35 times
at 95 °C for 45 s, annealing temperature for 30 s, then 72 °C
for 30 s, with final extension at 72 °C for 5 min. The anneal-
ing temperatures for NS348460 was 49 °C, NS319747 was
53 °C, NS344823 and NS334913 was 55 °C, and NS278427
was 57 °C. There was no amplification with primers for
NS314406, NS173965, and NS326219. This could be either
to technical problem in PCR or low expression within the
tested tissues. Nucleoside diphosphate kinase (NDPK)
(Kasahara et al. 1991) as PCR control: annealing at 50 °C
with primers 5'-aacaaggaacgaaccttc-3'; 5'-atctttcaccagacaa-
gcaac-3'. Equal amounts of cDNA were used as template,
and equal amounts of PCR reactions were loaded onto a 1%
agarose gel to examine the amplification products.

In situ hybridization

Freshly harvested nurse shark tissues were immediately fixed
in 4% paraformaldehyde/phosphate buffer/sucrose solution
for 6 days. After the sucrose equilibrated, tissue blocks were
embedded in O.C.T. in a 2-methylbutane/liquid nitrogen
bath. Frozen tissues were sectioned at 7 pm using Cryostat
(Leica) and mounted onto glass slides. Slides were re-fixed
in 4% paraformaldehyde in shark PBS (1.87 mM sodium
phosphate monobasic/8.2 mM sodium phosphate diba-
sic/470 mM sodium chloride), permeabilized in Proteinase
K (20 pg/ml) (Sigma), and acetylated in 0.25% acetic anhy-
dride. Hybridization was performed in a 50% formamide
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solution in 1Xhybridization solution (Sigma) supple-
mented with yeast tRNA at 67 °C overnight. Slides were
then washed in 0.2x SSC (0.003 M sodium citrate/0.03 M
sodium chloride) twice at 72 °C for 30 min, blocked with
TNB (0.1 M Tris, pH7.5/0.15 M sodium chloride/0.5%w/v
blocking reagent (Perkin Elmer) for 60 min at room tempera-
ture, and incubated with anti-DIG-POD (Perkin Elmer) for
30 min at room temperature. Signals were amplified using
the TSA-plus Biotin System (Akoya Biosciences) follow-
ing the manufacture’s protocol. Colorimetric signals were
visualized after incubation with Streptavidin-alkaline phos-
phatase (SA-AP: Perkin Elmer) followed by substrate BCIP/
NBT (Roche). Sense and antisense probes were labeled from
the dual promoter vector pCRII (Invitrogen) containing
part of the gene of interest. After the plasmids were singly
digested with restriction enzyme that cleaves at either 5’ or
3'-side of the polylinker, RNA was synthesized using RNA
polymerases (T7 RNA polymerase or SP6 RNA polymer-
ase depending on the orientation of the insert) with DIG
RNA Iabeling mix (Roche). A full-length coding region of
NS344823 was labeled. We used shark “G” (spleen) and
“W” (thymus) for these experiments. These sharks were
immunized with various antigens and boosted with original
antigens approximately 10 days before harvesting tissues.

Magnetic cell separation and RT-PCR

Shark “LB” was originally caught off the Florida Keys and
was maintained in captivity with no immune stimulation.
Peripheral blood lymphocytes (PBL) (2 x 10%) were resus-
pended into shark PBS supplemented with 10% FCS and
0.00025% DNAse. A monoclonal antibody (mAb) specific
for shark IgM, GA16 (Rumfelt et al. 2001), was mixed
with cells and incubated on ice for 1 h. Cells were washed
in shark PBS. Secondary antibody, goat anti-mouse IgG
microbeads (Miltenyi Biotec) were then added on ice for
1 h. Cells were washed with MACS buffer (shark PBS
supplemented with 0.5% BSA/2 mM EDTA/0.00025%
DNAse I) three times, resuspended in the recommended
volume of MACS buffer, and loaded on the LS column
(Miltenyi Biotec) following the manufacturer’s recom-
mendations. RNA was extracted from positively and nega-
tively sorted cell populations as well as pre-sorted PBL,
using the Trizol (Invitrogen) protocol, and cDNA was
synthesized using SuperScript IV™ first-strand synthesis
system (Invitrogen) from 500 ng of total RNA from both
samples. The same PCR condition was used as described
in Fig. 5 for NS344823 and NDPK. Other primers used
for this experiments are TCR beta (5'-cacccggttaaatttc-
ccaa-3'; 5'-cagtcaaaccttttgctgtgag-3') and IgM C2-TM
(5'-catgggcagctgatcacg-3'; 5'-cacttagccttcaccagegtg-3")
at annealing temperatures 54 °C and 52 °C, respectively.

Results

Identification of nurse shark NCR3 loci and deduced
proteins

Previously, we identified NCR3 sequences in a dogfish
shark EST database (ES788778) and the elephant shark
genome (updated accession numbers: XP_007884412;
XP_007884615) (Flajnik et al. 2012) (Fig. 1). In this
study, we searched for NCR3 sequences by BLAST in the
nurse shark RNAseq databases constructed from spleen
and thymus RNA (Venkatesh et al. 2014) and found eight
distinct sequences (Fig. 1) (GenBank accession numbers
MT914154-MT914162). Deduced amino acid sequences
revealed that all of the protein sequences contain a sin-
gle VJ-IgSF type domain with the typical disulfide bond
between the two canonical cysteine residues (C) in the B
and F strands that are stabilized by tryptophan (W) 13-16
amino acids downstream of the first cysteine (marked with
asterisk and gray highlights in Fig. 1). Each sequence also
contains a typical YXC motif in the F strand and a con-
served diglycine (G) bulge (GXG) (gray highlights), that
latter of which is usually found in joining (J) segments (the
G strand of IgSF domains) of antigen receptors (Flajnik
et al. 2003; Williams and Barclay 1988). All sequences
contain transmembrane domains (Online Resource 1a).
Only two of the eight nurse shark sequences (NS173965
and NS326219) contain positively charged amino acid
residues within the transmembrane domains, like human
NCR3. As mentioned above, these positively charged
amino acid residues are predicted to interact with adaptor
molecules with immunoreceptor tyrosine-based activa-
tion motifs (ITAMs) (e.g., DAP10, DAP12, CD3z, FCRg)
(Humphrey et al. 2005). Note that shark CD3z has been
identified (Pettinello et al. 2017), whereas DAP12 and
FCRg seem to be present (e.g., GenBank accession num-
bers AGQ17903, XP_038656720, XP_032898506), but
must be further validated. Three sequences have long cyto-
plasmic tails with immunoreceptor tyrosine-based inhibi-
tory motifs (ITIM) (Long 2008) (NS319747, NS326219,
and NS348460), suggesting that they may be inhibitory
receptors. Interestingly, NS326219 contains both posi-
tively charged amino acid in transmembrane domain
and ITIM in the cytoplasmic tail. Three other sequences
(NS344823, NS341406, and NS34913) do not contain
either positively charged amino acids or ITIMs. NS278427
is a partial sequence, lacking the 3'-tail. Alignment of
the VJ domains revealed that the nurse shark sequences
are highly divergent, with only 23~38% identity (Online
Resource 1b). The degree of divergence is similar between
the nurse shark and dogfish shark ES788778 (~23-30%) or
elephant shark sequences with exception of ~ 47% between
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ES788778 and NS173965 (Online Resource 1b). To our
surprise, we found that the NS314406, NS319747, and
NS344823 are highly similar to whale shark NCR3 genes
XP_020385595 (97~100% identity between two species,
bracketed sequences in Fig. 1). Since the whale shark and
nurse shark diverged over 100 million years ago, the high
conservation of the NCR3 sequences was unexpected. This
level of conservation was not observed for other shark spe-
cies within the available databases.

We previously reported that the number of NCR3 genes
and those of its ligand, B7H6, correlate well within all ver-
tebrate species examined, and we have proposed coevolution
between these two gene families (Flajnik et al. 2012; Ohta
and Flajnik 2015). Here, we examined potential B7H6 bind-
ing capacities in these nurse shark sequences. Compared
with the B7H6-binding residues of human NCR3 (marked
with “b” in Fig. 1) (Joyce et al. 2011; Li et al. 2011), some
residues are also conserved in sharks; “IGSV” is found as
“IGSY” in NS314406, phenylalanine (F) in position 85 is
well conserved among many shark sequences, and “ExLG”
is perfectly conserved in NS334913. The glutamic acid (E)
makes a salt bridge with lysine (K) at position 130 of B7TH6,
and this E is conserved in four shark sequences. Based on
these conserved contact residues, we predict that some shark
NCR3 subtypes may bind to particular B7H6. We found
multiple (at least five) B7H6 sequences in shark (GenBank
accession numbers MT914163-MT914167). Similar to the
case of NCR3, some NCR3-interaction residues (Li et al.
2011) are well conserved between human and shark B7H6
(Online Resource 2): seven out of eleven residues are con-
served, especially “TPLK,” which is perfectly conserved in
NS332265 and “TP” is conserved in four shark B7H6 genes.
Glycine (G) at positions 62 and 83 are also conserved. Based
on the conservation of interaction residues, there may be
binding pairs between shark NCR3 and B7H6.

To obtain the genomic organization of the nurse shark
NCR3 genes, we screened a nurse shark bacterial artificial
chromosome (BAC) library with~ 11X genome coverage
(Luo et al. 2006) with the combined probes for NS344823
and NS348460. We identified ~ 30 positive clones, of which
12 clones were analyzed. All clones were exclusive to either
the NS344823 or NS348460 probes. We sequenced the two
longest BAC clones of each type, 131D21 and 392N18. Both
BAC clones contained multiple NCR3 genes, but there was
no overlapping sequence between the clones (Fig. 2a). BAC
131D21 with a 162 kb insert contains four NCR3 genes,
corresponding to NS344823, NS334913, NS319747,
and NS513006. NS513006 is a pseudogene having two
frameshifts in both the mRNA (from RNAseq) and genomic
BAC sequences, resulting in a premature stop codon (Online
Resource 1c). There are two other predicted gene models
in BAC 131D21, one of which has no orthologous genes
in other species, while the other hit nicotinamide riboside
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kinase 1 from Thorny Skate (Amblyraja radiata) with an
E-value of 2e™''3; however, as we did not detect orthologs
of this gene in mammals, we classified it as a “hypothetical
protein.” In the other BAC with a 139 Kb insert, 392N18,
there are five NCR3 genes, one corresponding to NS278427
and four genes highly similar to the NS348460 sequence.
There are no other genes besides the NCR3 genes in 392N18
BAC. In summary, we found a total of nine NCR3 genes
belonging to five subfamilies and one pseudogene in the
two BAC clones. We do not know whether all nurse shark
NCR3 genes map in a single genomic region. Since only
five subfamily genes were identified in the two BAC clones
and there seems to be duplication of particular subfamily
genes (i.e., four copies of NS348460 in BAC 392N18), we
performed genomic Southern blotting to assess the num-
ber of genes in each subfamily and genotypic differences
among individual nurse shark. With a single-exon probe,
we detected multiple bands for several NCR3 genes, reveal-
ing multiple copies. With the NS348460 probe, there are
about ten visible bands. Since the NS348460 probe contains
small parts of other exons, weakly hybridizing bands may
be accounted for by leader and transmembrane exons. Based
on the stronger hybridizing bands, we predict at least 4-5
genes of each allele if each allele is accountable for each
band. There are also multiple bands with the NS314406 and
NS278427 probes, and we estimate the copy number to be
3—4 genes for NS314406 and at least 5 genes for NS278427.
All other genes seem to be single-copy.

Primordial linkage of shark NCR3 genes to the MHC

The NCR3 genes map to the MHC in all species examined
so far except in Xenopus, although a close NCR3 homo-
logue, XM1V, is MHC-linked (Ohta et al. 2006) (Fig. 3)
(note that several vertebrate taxa (mainly birds and bony
fish) have lost NCR3 genes). Therefore, it is reasonable
to propose that NCR3 linkage to the MHC is primordial
and we predicted that shark NCR3 genes would map to
the MHC. We first examined the existing databases of
the shark genomes for the location of NCR3 genes. In the
whale shark genome, we found four NCR3 genes on three
scaffolds, of which two scaffolds contained other genes
that map to the mammalian MHC (Fig. 3): In scaffold
NW_018056204, the complement c4 gene maps adjacent
to an NCR3-like gene, and in NW_018036233 aif maps
adjacent to two NCR3 genes. The AIF gene maps to the
human and Xenopus MHC, and we have shown previously
that shark ¢4 genes are MHC-linked (Terado et al. 2003).
All scaffolds containing the elephant shark NCR3 genes
were small, and no other genes were detected in these
scaffolds. In both species, the MHC is poorly assembled.
However, in the whitespotted bamboo shark genome (Hara
et al. 2018), we identified eight NCR3 VJ-IgSF exons that



Immunogenetics

a) 131D21 (162Kb) 392N18 (139Kb)
) & S
P> B B S S
@2\\‘?@0“9 ¥ Ee g &
b) NS823 NS460 NS965 NS747 NS406 NS219 N913 NS427
1234 1234 1234 234 1234 1234 56789 1234
g '."?f'”a X Kbp
- 3 C35
. . —23
'-a ' i1 —94
T Ol et
2 M
.= P .
— 44
p 1
-
—23
“
EcoRI EcoRI EcoRI EcoRI Bam HI Bam HI EcoRI Pstl

Fig.2 Number of NCR3 genes in the nurse shark genome and par-
tial mapping of their loci. a Multiple NCR3 genes were found in two
BAC clones. These two BAC clones do not overlap, and thus, the
linkage status of these NCR3 genes is unknown. NCR3 genes are
indicated with red arrows that also show the 5’ to 3’ direction. Cor-
responding sequences from RNAseq are shown below (truncated to
the last 3-digit numbers), and an expressed pseudogene (NS006) is
shown as an open arrow. Two hypothetical proteins that have no simi-
larity to mammalian genes by BLASTp searches are also shown as
purple arrows. The locations of genes in the BAC clones are roughly
scaled. An ambiguous block region in the middle of BAC 131D21 is
marked as a dotted line and not included in the total length. b The
approximate number of each NCR3 genes in the nurse shark genome.

mapped around the c4 genes on chromosome 37, scaffold
CMO012992 (Fig. 3, Online Resource 3). The region is
indeed a part of the shark MHC on chromosome 37 (https://
doi.org/10.1101/602136), containing MHC class I and
class II genes, thus confirming the linkage of NCR3 genes
to the cartilaginous fish MHC.

Despite the varying numbers of NCR3 genes found in
each vertebrate species so far examined (Fig. 3), their syn-
teny is well conserved from shark to human. In Xenopus,
NCR?3 genes map outside MHC on a different chromosome,
while structurally similar genes (XM1V) are MHC-linked
and at the expected position (Ohta et al. 2006); this split
arrangement is likely the result of differential (or incom-
plete) silencing of NCR3 genes during genome evolution,
leaving XM1V and NCR3 on two MHC paralogous regions
(Ohta et al. 2019). Alternatively, there may have been a
translocation of NCR3 genes out of the MHC in an amphib-
ian ancestor, as the Xenopus NCR3 genes are located at the
telomere of chromosome 4. In summary, NCR3 genes are

Gene names are shown with the last 3-digit numbers from the origi-
nal identification numbers. Genomic Southern blotting was per-
formed using four nurse shark siblings with different combinations of
maternal and paternal MHC genotypes except for NS334913 (shown
as NS913), for which we used unrelated sharks. Probes for each gene
family were generated from the VJ-IgSF exon, except NS348460
(shown as NS460) which contains short sections of the transmem-
brane and leader encoding regions. Restriction enzymes used to
digest DNA are shown on the bottom of the blots. HindIII digested A
DNA was used as the size standard and shown on the right side of the
blots. Lanes/Animals: 1-sibling 3, 2-sibling 17, 3-sibling 35, 4-sibling
39 (from MHC typed family with 39 siblings (Ohta et al. 2002); 5~9-
unrelated nurse sharks

linked to the MHC in sharks, demonstrating that their asso-
ciation with the MHC is primordial in gnathostomes.

Phylogenetic analysis of shark NCR3 family genes

Both the BLAST “hits” and linkage to MHC are evidence
that the shark NCR3 genes are closely related to mammalian
NCR3 genes. However, shark NCR3 sequences are highly
divergent (Online Resource 1b) and some lack both
positively charged amino acid residues in the transmembrane
region or ITIMs. Thus, we performed phylogenetic tree
analyses to examine relationship of shark NCR3 to those of
other vertebrates. For these analyses, we data-mined shark
NCR3 sequences from all available databases. As control
genes (Online Resource 4), we used other MHC-linked or
MHC-associated (on MHC paralogous regions) “germline-
joined” VJ-IgSF-containing genes such as non-mammalian
vertebrate PRARP (Fu et al. 2019; Ohta et al. 2019), and
Xenopus-specific VIC1,54 (Ohta et al. 2019) and XMIV
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Fig.3 Comparative synteny of NCR3 genes in vertebrate genome
NCR3 genes is shown with red arrows, while neighboring genes are
in blue; arrows indicate the 5’ to 3’ direction. Blocks represent a clus-
ter of genes. Vertical lines indicate conservation of position among
the different species. Gene names are shown above the arrows. Only
a portion of the genome is shown in human and Xenopus (Session
et al. 2016), while genes in entire scaffolds are shown in whale shark,
Chinese alligator, and painted turtle. GenBank accession numbers for

(Ohta et al. 2006, 2019). We also included amphioxus
IgVJ-C2 genes (Chen et al. 2018) since they contain a
VJ-IgSF domain and are syntenic with kirrel, which maps
to MHC paralogous regions in vertebrate genomes. As an
outgroup for V-IgSF, we used CD83, which also maps in the
vicinity of MHC. The V-IgSF of CD83 is split into two exons
in all species examined and is predicted to have a different
common ancestor compared with NCR3. Furthermore, we
included the V-IgSF of B7H6, the NCR3 ligand, as another
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Whitespotted bamboo shark MHC
Chr 37: CM012992

whale shark scaffolds and NCR3 genes are shown above. NCR3 genes
in whitespotted bamboo shark are based on the presence of VJ-IgSF
domains, and thus, some may not represent functional genes. Note
that the gene most proximal to hsp70 is the NS344823 ortholog. Gene
locations are not to scale. Note that the Xenopus NCR3 genes map to
chromosome 4 instead of chromosome 8 (MHC). However, the struc-
turally related genes XMIV map in corresponding location on chro-
mosome 8 (see text)

outgroup. Inclusion of B7HG6 serves two purposes: (1) an
outgroup and (2) an assessment of orthology of the five
nurse shark B7H6 genes. Since we included B7H6, we also
included the V-IgSF of TAPBP (the second IgSF domain),
which shares a common ancestor with V-IgSF of B7 family
members including B7H6 (Flajnik et al. 2012; Greenwald
et al. 2005). Finally, we used B2M as another, distant
outgroup, since B2M contains a C1-type IgSF domain.
V-, VJ-IgSF domains and C1-IgSF domains are clearly in



Immunogenetics

different IgSF categories (Du Pasquier et al. 2004; Williams
and Barclay 1988).

In both maximum likelihood (ML) and UPGMA trees
(Fig. 4), shark NCR3 genes were separated into two groups.
One group clustered with the NCR3 of other vertebrate
species, suggesting that these are mammalian NCR3
orthologues. The other group seems to be more divergent,
only present in sharks, suggesting these may be an ancient
NCR3 lineage lost in other vertebrates or a cartilaginous fish-
specific NCR3 cluster. Four of eight nurse shark NCR3 genes
belong to each cluster: NS341406, NS173965, NS278427,
and NS348460 cluster with mammalian NCR3, while
NS344823, NS334913, NS326219, and NS319747 cluster
only with other cartilaginous fish sequences. Interestingly,
three genes in this group, NS334913, NS319747, and
NS344823 are found in BAC 131D21. Whether the location
of these genes is contributing to the conservation of
sequences must be examined in the future. In the whitespotted
bamboo shark genome, the NS344823 ortholog (Chpl-8:
mapping between ¢4 and hsp70) is somewhat distant from the
other NCR3 genes (Fig. 3). As we showed high conservation
among NS344823 and whale shark XP_020372275 (Fig. 1),
NS344823 clustered with whale shark XP_020385595 in
both trees and also with whitespotted bamboo shark, Chpl-8
(see alignment in Online Resource 3), confirming that these
genes are NS344823 orthologues.

Previously, we found XMIV genes in the Xenopus MHC
where mammalian NCR3 genes map in other vertebrates
(Ohta et al. 2006), while Xenopus NCR3 genes map to an
MHC paralogous region. We hypothesized that XMV and
NCR?3 arose from a common ancestor and were differen-
tially silenced in the Xenopus genome, but an ancient trans-
location of the Xenopus NCR3 genes out of the MHC is
also a possibility (see above) (Ohta et al. 2019). In these
trees, XMIV and cartilaginous fish-specific NCR3 formed
a poorly supported sister group, suggesting that XMV and
NCR3 were both present and MHC-linked in an ancient gna-
thostome ancestor. Thus, it is possible that the XMIV and
shark-specific NCR3 make up one NCR3 lineage and the
second NCR3 lineage is found from sharks to mammals.
Alternatively, XMIV genes may be under a different selec-
tion pressure than NCR3 and evolved rapidly only in the
Xenopus (and perhaps other amphibian) group. Amphioxus
IgVJ-C2 (Chen et al. 2018) clustered consistently as a sister
group with the NCR3/XMIV group. Other genes with VIJ-
IgSF, such as PRARP (Fu et al. 2019) and CD83, clustered
outside of the NCR3 group.

As B7H6 and TAPBP do not contain VJ-IgSF, we did not
expect them to share a recent common ancestor with NCR3;
they were both well separated from NCR3 clusters. The ele-
phant shark B7H6 was previously used to construct a B7
family tree including all known B7 family members (Flajnik
et al. 2012); therefore, nurse shark sequences clustering with

other species including elephant shark confirm that the four
nurse B7H6 genes are B7H6 orthologues. In the elephant
shark scaffold NW_006890061.1, multiple B7H6 genes
map and their synteny is well conserved compared with
the human B7H6 locus in chromosome 11p15.1 (data not
shown). One exception is NS331224. NS331224 hit B7TH6
by BLAST, but NS331224 is more divergent than other
nurse shark B7H6 (Online Resource 2) and contains less
conserved NCR3-binding residues. Interestingly, NS331224
has a type II transmembrane composition with NLRC3-like
cytoplasmic tail. Based on the position in the phylogenetic
trees, NS331224 may not be a true B7H6 homologue.

Differential expression patterns of each NCR3 genes

Unlike human NCR3, we found eight subfamilies of NCR3
transcripts in the nurse shark RNAseq data (Fig. 1), some
of which have multiple copies (NS348460, NS278427,
NS314406) that were likely generated by cis-duplications
based on the sequences in BAC clones (Fig. 2a). Thus, we
examined the tissue distribution of each gene. Using RT-
PCR (Fig. 5), we detected differential expression of the five
types of NCR3 genes. NS344823, NS334913, and NS278427
were expressed in many tissues, while NS348460 and
NS319747 expression was limited to certain tissues. High-
est expression was observed for each gene in gill, gonad,
spleen, and thymus for NS344823; brain, liver, and spleen
for NS334913; gill, pancreas, spiral valve (small intestine
in sharks), spleen, and thymus for NS348460; gill, spiral
valve, and thymus for NS278427; and gill and spleen for
NS319747. Such differential expression implies that there
is a division of labor for each NCR3 gene. Note that for
multigene families, we cannot rule out that the PCR only
amplified one of the highest expressing genes or a combined
expression of multiple genes. We did not detect amplifica-
tion of three genes, NS314406, NS326219, and NS173965,
suggesting their expression may be low. Similarly, some
B7H6 genes (NS314508 and NS333295) showed tissue-
specific expression patterns (Online Resource 5).

Identification of NCR3-expressing cells

To identify cell types expressing nurse shark NCR3 genes,
we performed in situ hybridization (ISH) using the DIG-
labeled riboprobes. For these analyses, we initially chose
NS344823 and NS348460. NS344823 is a single copy gene,
belongs to the cartilaginous fish-specific NCR3 lineage, con-
tains a short cytoplasmic tail with no ITIM (Online Resource
6), and demonstrated robust amplification by RT-PCR (per-
sonal observation). NS344823 has orthologs in other shark
species (Fig. 4) such as whale shark and whitespotted bam-
boo shark (Hara et al. 2018) (the NS344823 orthologue is
a gene closest to Asp70 in whitespotted bamboo shark in
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Fig.4 Phylogenetic analysis of shark NCR3 genes. The VIJ-IgSF
domains of the cartilaginous fish NCR3 deduced proteins and
other genes with VJ-IgSF domains were used for the bootstrapping
phylogenetic tree analyses of 500 runs using Maximum-Likelihood
(ML) with JTT-matrix based model (Jones et al. 1992) (a) and
UPGMA (b) distance with the Poisson correction methods. The
shown trees are consensus trees, and the percentage of replicated
trees at the given cluster is shown at the nodes. Both trees were rooted
with the C1-IgSF domain of vertebrate B2M. GenBank accession
numbers used for these analyses are as follows: NCR3: human—
NP_001138939, dog—XP_848928, cow—NP_001035614, rat—
NP_861543, and deer mice—XP_028743796 (Perole: Peromyscus
leucopus) and XP_006995306 (Peroma: Peromyscus maniculatus
bairdii); ~ American  alligator—KYO039304  (Almi:  Alligator
mississippiensis) and Chinese alligato—XP_014381422 (Alsi:
Alligator sinensis); three-toed boxed turtle—XP_026502865 (Teca:
Terrapene carolina triunguis); coelacanth—XP_006012356 (Latimeria
chalumnae); Xenopus NCR3: African clawed frog (Xela: Xenopus
laevis)—OCT85617, OCT85603, OCT85602, and OCT85624
(corresponding to previously reported (Flajnik et al. 2012)) four
types (DT, ES, New, BX-types); western clawed frog (Xetr: Xenopus
tropicalis—XP_031757207, NP_001072401, KAE8611757, retrieved
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from genomic sequence JABAHN(010000004 (position 123564763...
123564428) which is ortholog of Xela-OCT85602; Shark NCR3:
elephant shark (Cami: Callorhinchus  milii)—XP_007884412,
XP_007884988, XP_007884615, JK874618 (Frame+1 translated);
whale shark (Rhty: Rhincodon typus)—XP_020382736,
XP_020372273, XP_020372275, and XP_020385595.1; spiny
dogfish (Sqac: Squalus acanthias)—ES788778 (Frame+ 1 translated);
brownbanded bamboo shark (Chpu: Chiloscyllium punctatum)
GCC38507 and GCC38509; and Xenopus XMIV: Xela—CN328971,
LYTHO1162113; Xetr—VIJ exon sequences of ten XMIV genes
were retrieved from genome. All sequences were highly similar
to either XP_031748205 or KAE8585365, B7H6: human—
CAD97811, rat-XP_017443726, painted turtle-XP_005308752 (Chpi:
Chrysemys picta bellii), Alsi-XP_014375990, Almi-XP_019332669,
coelacanth-XP_014340774, Chpu-GCC17701, Rhty-XP_020389246,
Cami-XP_007886037, nurse shark (MT914163-914167). Other genes
containing VJ-IgSF domain are amphioxus IgVJ-C2 (marked as
IgVIC2) (Chen et al. 2018), PRARP (Fu et al. 2019), and Xenopus
VICl,s4 as well as V-IgSF domains of CD83 and TAPBP were used.
The accession numbers except for NCR3 family genes or B7TH6 genes
are listed in the Online Resource 4. Also, in Online Resource 4, we
listed species abbreviations
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Fig.5 Differential expression of &
NCR3 genes in nurse shark tis-
sues. Expression of each NCR3
gene was examined by RT-PCR
using gene-specific inter-exon
primers. For direct compari-
son between each gene, equal
amounts of templates were used
for each PCR reaction and equal
volumes were electrophoresed

1.3
The upper band of NS344823 (1)£19
is a partially spiced mRNA: 0.6
exons 1 and 2 are spliced, but 0.3
it contains intron 2 between

exons 2 and 3). The expected
sized products for NS348460
and NS278427 are shown with
arrows. Size standards are
shown on the left side of the
gels. Nucleoside diphosphate
kinase (NDPK) is used as
internal control for RT-PCR.
Later we found out that NDPK
is weakly expressed in three
tissues, kidney liver, and muscle
and a somewhat decreased
amount in pancreas

Fig. 3). We also chose to study NS348460; however, there
were no obvious signals in ISH.

In nurse shark spleen (Fig. 6a), we detected NS344823
expression as single cells or sporadic cell clusters in the
splenic red pulp, clearly outside of splenic white pulp
which is exclusively a B cell zone ((Rumfelt et al. 2002)
(Castro et al. 2013) (PAX5-positive cells within a white
pulp “circle,” and marked with B in Fig. 6a). ISH with
TCRp and TCRS probes showed, for the first time, small
clusters of T cells outside of B cell zone (marked with
arrows in Fig. 6a), some of which may be co-expressing
NS344823; however, more work is needed to examine co-
expression. Since we did not detect NS344823 in clus-
ters, these data suggest that NS344823 is expressed by
cells outside of the large B cell follicles and small “T
cell zones.” To our surprise, many NS344823-expressing
cells were detected in the thymus by in situ hybridiza-
tion (Fig. 6b), especially in the cortex but not the medulla
(Criscitiello et al. 2010), suggesting that NCR3-344823 is
expressed by immature T cells.
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We also MACS sorted nurse shark PBL using GA16, a
mAb specific for nurse shark B cells (Rumfelt et al. 2001).
Consistent with the data from the spleen ISH, NS344823
was exclusively expressed in the GA16-negative cell popu-
lation separated from the PBL, as were TCRp-expressing
cells (Fig. 6¢).

Discussion

NCR3 is a non-rearranging antigen receptor
with an ancient association with the MHC

Generally, NKRs evolve rapidly and it is difficult to identify
orthologous genes across different vertebrate classes (Yoder
and Litman 2011). However, NCR3 is unique among NKR
since it is evolutionarily conserved (Flajnik et al. 2012)
(Ohta and Flajnik 2015), which prompted us to investigate
its evolutionary history and expression. Here, we showed
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Fig.6 Shark NCR3 is expressed a) H&E NS823-antisense NS823-sense
in the non-B cell zone and 7 o . C

thymic cortex by in situ
hybridization. DIG-labeled
RNA probes were hybridized

to frozen spleen (a) and thymus
(b) sections. Signals were
amplified using the TSA system
and detected with NBT-BCIP;
thus, positive signals are in

=

o
purple. Sense probes were used PAX5 antisense IgM antisense TCRB antisense

as control. IgM-positive cells
are plasma cells mostly found
outside of the white pulp (B

cell zones) that are marked with
“B.” The B cell zones contain-
ing naive B cells were identified
with the PAXS anti-sense probe.
Image magnification is marked
in each figure for spleen, but

4x for thymus. Tissues were
sectioned to 7 pm thickness. b)
Shark thymi are embedded in
the connecting tissues. Thymus
is roughly outlined with a larger
circle. ¢) NS344823 expression
by non-B cells isolated from
PBL. GA16-positive B cells
were MACS-sorted from PBL.
RNA was extracted from GA16-
positive or negative population b)

as well as pre-sorted PBL. The : .

expression of NS344823 was NS823 antisense TCRp antisense H& E
examined by RT-PCR with , -
the same primers and condi-
tion used for Fig. 5. The upper
band of NS344823 is a partially
spliced mRNA. PBL: periph-
eral blood lymphocytes (i.e.,
pre-sorted population). Haelll Ko ; / ;
digested px174 DNA was used i |
as the size standard and shown

on the left side of the gel. IgM .
C2-TM primer amplifies the X
transmembrane-form of IgM NS823 sense FCRfsanse
and thus selects naive B cells.
Note that the GA16-negative
population still contains a small
population of naive B cells

= -

NS823 IgM C2-TM TCR beta NDPK
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the linkage of NCR3 to the shark MHC, demonstrating its
primordial association with the MHC. Thus far, we have
not detected NCR3 or potential homologues in jawless fish
or lower deuterostomes; however, we have detected homo-
logues on MHC paralogous chromosomes (Janes et al.,
manuscript in preparation), strongly suggesting that the
NCR3 precursor was present before emergence of jawed
vertebrates.

NCR3 has a special variable (V)-type IgSF domain, simi-
lar to that found in antigen receptors (immunoglobulins and
T cell receptors). All NCR3 have a VIJ-IgSF domain with the
canonical GXG motif of an antigen receptor J segment in
the G-strand of the Ig fold. However, unlike antigen recep-
tors whose VJ-IgSF domains are generated via somatic gene
rearrangement, the VJ-IgSF of NCR3 is a non-rearranging
type, where the V and J segments are encoded within a sin-
gle exon. It has been speculated (Du Pasquier et al. 2004)
(Sakano et al. 1979; Thompson 1995) that the rearranging
antigen receptors were evolutionarily derived from a non-
rearranging VJ-IgSF domain early in vertebrate evolution;
thus, extant VJ-IgSF may be related to the precursor of anti-
gen receptors (Chen et al. 2018; Fu et al. 2019; Ohta et al.
2019). Furthermore, such VJ-IgSF domains may have been
expressed by ancient “killer” cells and used to detect patho-
gens or stress-induced self-ligands like B7H6.

Our data suggest that there are two lineages of cartilagi-
nous fish NCR3 genes, one lineage orthologous to the NCR3
of other vertebrates and the other specific of cartilaginous
fish. Both lineages that are MHC-linked yet are highly diver-
gent. One possibility is that the cartilaginous fish-specific
NCR3 is a sister lineage of Xenopus XMIV, which was lost
in all other vertebrate groups. Studies of other amphibian
and reptile NCR3 may help in resolving this question.

Shark NCR3 genes may be the major NKR
in cartilaginous fish and other ectotherms

All eight nurse shark NCR3 subfamily genes encode VJ-
IgSF and transmembrane domains with distinctive cytoplas-
mic C-terminal tails. Among them, we identified different
types based on the length and presence or absence of ITIM
(Online resource 6). Mammalian NCR3 is an activating
receptor which contains a short cytoplasmic tail and a posi-
tively charged amino acid residue (Arginine) in the trans-
membrane region that interacts with adaptor molecules con-
taining ITAMs (e.g., CD3z and FCRg) (Pessino et al. 1998)
(Lanier et al. 1998; Yoder and Litman 2011). There are two
nurse shark NCR3 genes with a positively charged amino
acid residue in the transmembrane domain. NS173965 fits
into this category but requires future investigation as to
whether it will interact with potential shark adaptor mol-
ecules. NS326219 also contains a positively charged amino
aci; however it also contains long cytoplasmic tail with

ITIM. The potential dual activating and inhibitory function
within the same receptor has been reported for an isoform of
NCR2 (Pazina et al. 2017). Whether NS326219 functions in
a similar fashion requires further studies. Unfortunately, we
were unable to PCR amplify either NS173965 or NS326219
to further investigate their expression. Other nurse shark
NCR3 with long cytoplasmic tails tend to contain ITIMs;
thus, they are likely to be inhibitory receptors, but NS334913
does not contain an obvious ITIM. Such variabilities in a
particular gene family with activating or inhibitory types
(if they function similar to those found in mammals) is a
universal mechanism as found in various mammalian immu-
noreceptors like NKR (e.g., KIR, Ly49) (Yoder and Litman
2011). A similar situation is also found in bony fish-specific
receptors such as NITR (Stafford et al. 2006; Yoder et al.
2001) and IpLITR (Stafford et al. 2006), in which expanded
receptors contain either activating or inhibitory potentials.
Here, we found that NCR3 is conserved among jawed ver-
tebrates. Therefore, shark NCR3 genes likely represent the
more primordial NKR family universally used in many lower
vertebrates. We speculate that all inhibitory types of NCR3
were lost in mammals and only a single activating NCR3
has remained. Several shark NCR3 contain neither posi-
tively charged amino acid in the transmembrane nor ITIM
in the cytoplasmic domains. These NCR3 may associate
with adaptor molecules differently, use different signaling
pathways, or have a totally different function.

NCR3 genes are single-copy in mammals but they are
multigenic in non-mammalian species, except for alligators,
with varying numbers in each species (Fig. 3). Interestingly,
the VJ-IgSF domains between different NCR3 genes within
species are highly diverse, showing only ~ 30% similarity at
the amino acid level, suggesting that different ligands could
be recognized by each NCR3. We also found orthologous
NCR3 genes in different shark species (e.g., NS334823 in
three shark species: Fig. 4) are highly conserved, suggest-
ing that they are strongly selected to bind common ligands.
In mammals, NCR3 binds to a self-ligand encoded by a
single-copy gene, B7H6 (Brandt et al. 2009). Like other
lower vertebrate NCR3 genes, B7H6 in lower vertebrates
also belongs to a multigene family (Ohta and Flajnik 2015).
We identified at least five B7H6 genes (Online Resource 2)
from nurse shark, some having expression patterns limited to
certain tissues (Online Resource 5). Thus, it is possible that
there is preferential paring between certain shark B7H6 and
NCR3. In human, B7H6 is induced on tumor and other cells
(Brandt et al. 2009). Thus, B7H6 with limited expression
(e.g., NS314508; Online Resource 5) may be a ligand for
an activating NCR3 receptor, while ubiquitously expressed
B7H6 may be engaging with inhibitory NCR3 to block NK
activation against (presumably) healthy cells.

In order to find interacting partners of NCR3 and B7H6,
we examined interaction sites based on the crystal structure
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of human NCR3 and B7H6 (Joyce et al. 2011; Li et al. 2011)
(Online Resource 7). Some interaction sites are well con-
served between human and sharks. Particularly, positions
G51 and F65 in NCR3 both interact with T127 and P128 in
B7H6 (orange and blue circles) are well conserved in many
shark genes. As we mentioned earlier, NS331224 did not
cluster with other shark B7H6 in the phylogenetic tree analy-
ses (Fig. 4), and NCR3 interaction sites are not conserved
(Online Resource 7). Thus, NS331224 may not be B7H6
or divergent B7H6. Among shark NCR3, interaction sites
are more conserved in NS341406 and NS326219; however,
shark may use different interaction sites and/or conservation
of several sites may be sufficient. It must be mentioned that
human NCR3 also binds directly to other self-ligands like
BAG®6 (Binici et al. 2013) as well as foreign ligands such
as pp65 (CMV) (Arnon et al. 2005) and HA (poxviruses)
(Jarahian et al. 2011), as well as p-1,3-glucans (fungi) (Li
et al. 2018). Some of the divergent NCR3 we have detected
in sharks may also act as pattern-recognition receptors.

NCR3 is expressed in developing T cells

Mammalian NCR3 are expressed by NK cells, but also by
innate lymphoid cells (ILC), y8T cells (Hudspeth et al.
2013), and distinct CD8+ T cell (Correia et al. 2018). In our
study, we detected NCR3 expression by cortical T cells in
shark thymus (Fig. 6b), suggesting that most (or all) devel-
oping immature T cells express NCR3. We are currently
developing a monoclonal antibody against NS344823 which
will allow us to further study the ontogeny of T cells in
sharks. Preliminary analyses suggest expression of NCR3
genes and proteins in mature T cell subpopulations (data
not shown). T and NK cells share developmental pathways
in mammals. The expression of NCR3 in developing shark
T cells might reveal commonalities among the NK cells and
T cells in this primitive animal model. Future studies will
determine whether, as expected, there are separate popula-
tions of mature NK cells and T cells and whether NCR3
expression can be detected in any mature T cell subset or
after T cell activation.

Origins of defined secondary lymphoid tissue

Lastly, for the first time, we have demonstrated the pres-
ence of “T cell zones” in the shark spleen (Fig. 6a), or at
least that T cells are outside of the well-developed B cell
zones. Since sharks lack lymph nodes and mucosal lym-
phoid tissues, the spleen is the only secondary lymphoid
organ expected to play a major role in lymphocyte activation
(Flajnik 2018; Neely and Flajnik 2016). While white pulps
with clear margins where naive B cells reside were previ-
ously identified (Castro et al. 2013; Rumfelt et al. 2002),
the location of T cell zones was not identified (note that we
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misidentified adult shark B cell zones as T cell zones in a
previous publication (Rumfelt et al. 2002)). Unlike mammals
where splenic B cell zones are adjacent to T cell zones and
surrounded by a distinct marginal zone (Mebius and Kraal
2005; Neely and Flajnik 2016), small aggregates of T cells
are found within the red pulp mostly independent of the B
cell follicles. This pattern is similar to the situation in Xeno-
pus, where T cells are scattered within the splenic red pulp
in naive animals and only associate with follicles at high
levels in immunized animals (Neely et al. 2018). The data
in sharks and frogs demonstrate that the primordial splenic
organization has clearly defined B cell zones and “scattered”
T cells, consistent with the proposal that “B cells need a
house, while T cells are happy in a cave” proposed earlier by
Du Pasquier and colleagues (Hofmann et al. 2010). Whether
any NK cells are found in these same areas is not known, and
will require new reagents that can definitively discriminate
between shark NK cells and T cells. Our data suggest, how-
ever, that the NS344823-expressing cells are not organized
into any discrete structure within the red pulp.
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