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Abstract  C-type lectins play an important role in the
immune system and are part of a large superfamily that
includes C-type lectin-like domain (CTLD)-containing
proteins. Divergent evolution, acting on the CTLD
fold, has generated the Ca”*-dependent carbohydrate-
binding lectins and molecules, as the lectin-like natural
killer (NK) receptors that bind proteins, rather than
sugars, in a Ca®"-independent manner. We have studied
ciCD94-1, a CTLD-containing protein from the tunic-
ate Ciona intestinalis, which is a homolog of the CD94
vertebrate receptor that is expressed on NK cells and
modulates their cytotoxic activity by interacting with
MHC class I molecules. ciCD94-1 shares structural
features with the CTLD-containing molecules that rec-
ognize proteins, suggesting that it could be located
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along the evolutionary pathway leading to the NK
receptors.

ciCD94-1 was up-regulated in response to inflamma-
tion induced by lipopolysaccharide (LPS) acting on a
blood cell type present in both the tunic and circulating
blood. Furthermore, an anti-ciCD94-1 antibody spe-
cifically inhibited the phagocytic activity of these cells.
ciCDY%4-1 was also expressed during development in the
larva and in the early stages of metamorphosis in struc-
tures related to the nervous system, and loss of its
function affected the correct differentiation of these ter-
ritories. These findings suggest that ciCD94-1 has differ-
ent roles in immunity and in development, thus
strengthening the concept of gene co-option during
evolution and of an evolutionary relationship between
the nervous and the immune systems.
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Introduction

C-type lectins, the most diverse family of animal lectins,
are involved in a broad range of biological processes
that include adhesion, endocytosis, and pathogen rec-
ognition and neutralization (Drickamer and Taylor,
1993; Weis et al., 1998; Vasta et al., 2004). These pro-
teins were originally identified as carbohydrate-recog-
nition molecules because of the presence of a C-type
lectin domain, which occurs in Ca®"-dependent lectins
in both invertebrates and vertebrates (Drickamer,
1999). These carbohydrate-binding C-type lectin do-
mains are part of a larger family of domains known as
C-type lectin-like domains (CTLDs), which seem to
have originated by a process of divergent evolution
from a common ancestral C-type lectin domain fold
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(Drickamer, 1999). Many members of the CTLDs bind
to proteins, rather than to sugars, in a Ca”>*-indepen-
dent manner (Vales-Gomez et al., 2000). One such pro-
tein-binding molecule is CD94, which is part of several
vertebrate natural killer (NK) lymphocyte receptors
that play an important role in innate immunity. CD9%4
forms heterodimers with NKG2 family molecules and
either blocks or activates the cytotoxic activity of NK
cells toward target cells by interacting specifically with
MHC class I molecules (Lazetic et al., 1996; Carretero
et al., 1998). Thus, its activity represents a point of in-
tersection between innate and adaptive immunity.

Based on homology at the amino acid level, a CD94-
like gene, BsCD94/NKR-P1, has been identified in the
colonial tunicate Botryllus schlosseri, and its product
has been shown to be expressed in a sub-population of
blood cells that may be involved in colony allorecog-
nition (Khalturin et al., 2003). A homolog of BsCD94/
NKR-PI, with features close to those of human CD9%4
(Du Pasquier et al., 2004), also exists in the Ciona in-
testinalis genome (Khalturin et al., 2004) (AY505423)
(Ci0100135570 model, Joint Genome Institute C. intes-
tinalis v. 1.0).

C. intestinalis is a member of the Tunicata, a key
invertebrate group, whose close phylogenetic position
to vertebrates has recently been confirmed and strength-
ened (Delsuc et al., 2006). This evidence has led to re-
newed interest in this evolutionarily relevant model
system. Given this relationship with vertebrates, we
reasoned that a more in-depth study of the CD94-like
gene in Ciona might provide further information
regarding the evolution of C-type lectins and their
involvement in differentiation and/or immunity.

In this paper, we demonstrate that in C. intestinalis
the CD94-1-like gene is expressed in a blood cell type
that is involved in the phagocytic activity that occurs
during an immune response. We also show that this
molecule plays a role during development and early
metamorphosis, confirming several earlier reports of the
involvement of immunity-related molecules in develop-
mental processes (Regnier-Vigouroux, 2003; Vasta
et al., 2004).

Methods

Embryo and tissue preparation

C. intestinalis adults were taken from the Gulf of Naples. Eggs and
sperm were collected surgically from the gonoducts and used for in
vitro fertilization. Embryos were raised in Millipore-filtered seawa-
ter (SW) at 18°C-20°C and either fixed in 4% paraformaldehyde in
0.1 M MOPS (pH 7.5) containing 0.5M NaCl for whole-mount in
situ hybridization and immunohistochemistry, or collected by low-
speed centrifugation for protein solubilization and RNA extraction.

Blood from both lipopolysacchride (LPS)-treated (LT) and non-
LPS-treated (NLT) control animals was collected from the basal
sinus with a syringe in the presence of artificial SW (ASW) con-
taining ethylenediaminetetraacetic acid (EDTA) (ASW/EDTA:

0.47M NaCl, 10mM KCI, 1mM Na,SO,, 2.5mM NaHCOs3;,
1mM EDTA, pH 7.5) to prevent cell clotting. After centrifugation
at 500 x g for 5min at 4°C, hemocytes were resuspended in marine
solution (MS: 0.45M NaCl, 26 mM MgCl,, 11mM KClI, and
12mM CacCl,, pH 7.4), and the cell number was determined in a
Biirker hemocytometer. Samples were used immediately for in vivo
assays or processed for RNA and protein extraction. For in situ
hybridization and immunohistochemistry, 100 pl of the cell suspen-
sion, containing a final concentration (FC) of 3 x 10°cells/ml, was
spread on Superfrost Plus® slides (Menzel Glaser GmbH, Bra-
unschweig, Germany) and allowed to attach for 30 min. After the
liquid was wiped away, the cells were fixed in 4% paraformalde-
hyde in 0.1 M MOPS (pH 7.5) containing 0.5M NaCl for 30 min.

Fragments of tunic isolated from both LT and NLT animals
were fixed in 4% paraformaldehyde in 75% SW overnight at 4°C
for in situ hybridization. For immunohistochemistry experiments,
the tissue was fixed in Bouin’s fluid for 24 hr. After dehydration, the
samples were embedded in paraffin, and 7.5 um sections were cut
and mounted on Superfrost Plus® slides.

Ovary and testis were surgically dissected from the adult animals
and processed for total RNA extraction.

Purification of amebocytes

According to the method of Smith and Peddie (1992), 1 ml of total
hemocyte suspension from single animals was loaded on an 8§ ml
0%—-60% continuous Percoll gradient in 3.5% NaCl and centri-
fuged in a swing-out rotor at 1,900 x g for 10min at 4°C. The
fractions containing hyaline and granular amebocytes were collect-
ed, checked for cell quality under an Axiophot microscope (Zeiss,
Gottingen, Germany) equipped with Nomarsky optics, pooled, and
washed in ASW/EDTA.

In vitro LPS treatment of whole organisms and tunic

For the treatment of C. intestinalis individuals, 200 pl of 2 mg/ml
LPS (Escherichia coli, serotype 055:B5; Sigma-Aldrich, St. Louis,
MO) in phosphate-buffered saline (PBS) were injected randomly
into the tunic between the outer layer and the epidermis. Animals
were then incubated in buckets containing LPS at 2.6 pg/ml FC in
SW for 3 hr twice with a 24-hr interval between incubations, during
which they were maintained in circulating SW. The animals were
sacrificed in order to collect blood samples.

To induce local inflammatory reactions, 100 pl of 2 mg/ml LPS in
PBS were injected into the tunic of C. intestinalis individuals be-
tween the outer layer and the epidermis in the area between the two
siphons, as described previously (Pinto et al., 2003). A fragment
( ~ 1em?) of the injured tissue was fixed either in 4% paraform-
aldehyde in 75% SW overnight at 4°C for in situ hybridization or in
Bouin’s fluid for 24 hr for immunohistochemistry experiments. Af-
ter dehydration, the samples were embedded in paraffin. For both
individuals and local treatment, NLT controls involved injecting
equal amounts of PBS instead of LPS.

LPS treatment of blood cells

Total cells or Percoll-purified amebocytes were adjusted to
6 x 10° cells/ml with ASW/EDTA. Aliquots of the cell suspension
were diluted 1:1 with either a 40 ug/ml LPS suspension or with
ASW/EDTA (for the controls) in a test tube and incubated at 18°C.
Samples were collected at the designated intervals, washed by cen-
trifugation, and resuspended in ASW/EDTA. One hundred micro-
liters of the cell suspension were spread onto a Superfrost Plus®
slide and processed for immunohistochemistry.



RNA preparation and Northern blotting analysis

Total RNA was extracted with the Promega kit SV Total RNA
isolation system (Promega, Madison, WI). Four micrograms of
total larval RNA were loaded onto a 1.2% agarose gel containing
40% formaldehyde and, following electrophoresis, were blotted
onto a nylon filter (Hybond™-N", Amersham Biosciences, Buck-
inghamshire, U.K.) and hybridized at 65°C with an o-**P-labeled
probe corresponding to the cloned ciCD94-1 cDNA of 1,188 bp,
containing the full open reading frame (ORF).

Reverse transcriptase-polymerase chain reaction (RT-PCR)
amplification and preparation of RNA probes

Oligo(dT) single-strand cDNA was synthesized from total RNA
with the SuperScript™ First-Strand Synthesis System for RT-PCR
(Invitrogen, Carlsbad, CA). PCR amplification screening was car-
ried out using two primers (sense primer 5-AGTGGCACAT
GGCGTGACAA-3’, corresponding to nt 36-55, and antisense
primer 5-GCTTGATGTGACCGCCTTAAT-3’, corresponding to
nt 873-893) designed on the basis of the complete cDNA sequence
of 1,419 bp (gene model Ci0100135570, C. intestinalis genome ver-
sion 1.0) available in JGI database (http://www.jgi.doe.gov/). A
single band of the expected size (739 bp) was detected. This product
was cloned into the pCRII-TOPO®™-TA-cloning vector (Invitrogen)
and verified by sequencing.

The full ORF of ¢iCD94-1 was amplified by PCR using two other
primers located in the 5’ and 3’ UTR, respectively (sense primer
5'-GTCCTTCTCTGACCGGTCATCAA-3’ and antisense primers
5'-CTCACGCAGATTGATCCAACAT-3', highlighted in gray in
Fig. 1), designed on the basis of the sequence available in the JGI
database. A single band of the expected size (1,188 bp) was detect-
ed. This product was cloned into the pCRII-TOPO™-TA-cloning
vector and sequenced. The 380bp RT-PCR product of Ciona
calmodulin (Ci-CaM) (accession number Y13578) (amplified with
specific primers: sense primer 5-'AGTTGATGCTGACGGCAA
CG-3’; antisense primer 5-TCAATCAGCCTATGGAATGA-3)
was used as a control.

For the in situ hybridization experiments, the cloned ciCD94-1
cDNA (1,188 bp) was used as a template for in vitro transcription of
antisense and sense RNA probes, carried out with a digoxigenin
(DIG) RNA labeling kit (Roche Diagnostic, Mannheim, Germany)
according to the supplier’s instructions.

Peptide synthesis and antibody production

A 19-amino acid immunogenic peptide (CEFMMFKVEI-
KAVTSSNRT; in green in Fig. 1) from ciCD94-1, including the
carboxy-terminus of the C-type lectin domain, was synthesized us-
ing an Applied Biosystems 430A peptide synthesizer (Foster City,
CA) as described previously (Sahu et al., 2000). The peptide was
then coupled to ovalbumin by the glutaraldehyde method and used
for the immunization of rabbits to produce an anti-ciCD94-1 an-
tibody. The anti-peptide-specific antibody was purified by affinity
chromatography using the corresponding synthetic peptide coupled
to cyanogen bromide-activated Sepharose 4B (Amersham Pharma-
cia Biotech, Piscataway, NJ).

Protein extraction and immunoblotting

Ciona larvae, early rotation stage juveniles (ERSJ), the metamor-
phosis stage at which the larva begins tail resorption and rotates the
body axis, and blood cells were solubilized with sample buffer (2%
SDS, 60mM Tris-HCl, 0.001% bromophenol blue, 10% glycerol)
containing a mixture of protease inhibitors (Protease Inhibitor
Cocktail tablets, Boehringer Mannheim, Germany) at a 1:5 ratio
(v/v) and homogenized in a Potter—Elvejhem homogenizer with a
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Fig.1 ciCD94-1 cDNA and deduced amino acid sequences. The
coding sequence is in red. Primers used for ORF amplification are
highlighted in gray. The morpholino oligonucleotide target se-
quence is double underlined. The immunogenic peptide is in green.
The transmembrane domain is highlighted in light blue, the C-type
lectin binding domain in yellow, and the N-glycosylation sites in
green. The putative dimerization motif in the transmembrane do-
main is in bold and underlined.

Teflon pestle. After 10 min at 100°C in a water bath, samples were
centrifuged for 30 min at 14,000 rpm, and the supernatants were
recovered. For the detection of ciCD94-1 protein, aliquots of the
samples corresponding to 3 x 10° cells, 1,800 larvae, or 1,200 ERSJ
were loaded onto 10% SDS-PAGE gel under reducing conditions.

Proteins were electro-blotted onto a nitrocellulose membrane
(Hybond™-ECL™, Amersham Biosciences) and processed as de-
scribed (Melillo et al., 2006). The anti-ciCD94-1 antibody was used
at 0.5pg/ul FC. Bound antibodies were detected with goat anti-
rabbit horseradish peroxidase (HRP)-conjugated whole antibody
(Amersham Biosciences) for developmental stages and with a pro-
tein A-HRP conjugate (Bio-Rad, Hercules, CA) for blood cell
samples, according to the manufacturer’s instructions.

In situ hybridization of paraffin sections and circulating blood cells

In situ hybridization was performed as described previously (Sim-
eone et al., 1995). Overnight hybridization was carried out with
100 ng/slide of DIG-labeled riboprobes at 60°C. Control experi-
ments were run in parallel using the corresponding sense RNA
probes.
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For microscopy, sections were dehydrated and mounted in a
non-aqueous medium (Eukitt Mounting Medium, O. Kindler
GmbH, Freiburg, Germany). The blood cells were mounted in
PBS/glycerol 1:1. Slides were observed under a light microscope in
bright field or by Nomarsky optics.

Whole-mount in situ hybridization

Whole-mount in situ hybridization was performed on larval stages
(Gionti et al., 1998) and ERSJ (Tanaka et al., 1996). Hybridization
with 0.1 ng/ul DIG-labeled antisense or sense transcripts was car-
ried out at 55°C for larval stages and at 48°C for ERSJ for 16 hr.
The following day, a series of washes were conducted at high strin-
gency to avoid non-specific interactions: at 55°C for larval stages
and at 48°C for ERSJ (Gionti et al., 1998; Tanaka et al., 1996).
The embryos were observed under a light microscope by Nomar-
sky optics. As needed, hybridized embryos were embedded in Epon
812 resin (Taab Laboratories, Reading, Berks, U.K.), and semi-thin
serial sections were cut and observed with phase-contrast optics.

Immunohistochemisty on paraffin sections and circulating
blood cells

The buffers used for washes and incubations were TBS (pH 7.5) for
sections and PBS containing 0.1% Tween 20 for circulating blood
cells. The slides were treated with 0.3% H,O, in the appropriate
buffer for 20 min to inhibit the endogenous peroxidases, and then
incubated with 1:10 normal goat serum (NGS) (for circulating
blood cells: 1.5% NGS) for 10 min. After washing, the slides were
incubated overnight (for circulating blood cells: 1 hr at RT) at 4°C
with 0.1 pg/ul of the anti-ciCD94-1 primary antibody in buffer
containing 1% bovine serum albumin (BSA). Controls were run
using the rabbit pre-immune IgG at the same concentration.
Biotinylated anti-rabbit IgG (Vector Laboratories, Burlingame,
CA) at a 1:120 dilution was added for 1hr at RT and treated
with VECTASTAIN® ABC Reagent (Vector Laboratories) for
1 hr. Immunostaining was conducted using Sigma Fast 3,3'-
diaminobenzidine tablets (Sigma-Aldrich). The reaction was
stopped in double-distilled H,O, and the slides were mounted as
described for in situ hybridization.

Whole-mount immunohistochemistry

C. intestinalis embryos were fixed and dehydrated as described
above. The embryos were rehydrated in an ethanol series, washed in
TBS (pH 8.8) containing 0.1% Triton (TBST 0.1), and incubated in
20% acetic acid in TBST 0.1 (2 x 15min at RT). After washing, the
samples were incubated in TBST 0.1 containing 50% NGS for
40min and then with the anti-ciCD94-1 primary antibody at a
0.06 pg/ul FC in the same solution for 48 hr at 4°C. Controls were
run using rabbit pre-immune IgG at the same concentration. The
embryos were then washed in TBS (pH 8.8) containing 0.25% Tri-
ton (TBST 0.25). After further washing in TBST 0.25 containing
1% BSA for 1hr, the samples were incubated overnight with the
biotinylated anti-rabbit IgG (1:250) in the same solution at 4°C.
After a 1-day series of washes in TBST 0.25, the embryos were
incubated for 30 min with VECTASTAIN® ABC Reagent in the
same solution and washed overnight at 4°C. Signal detection was
performed in AP buffer (100 mM Tris, pH 9.5, with 50 mM MgCl,,
100mM NacCl, 0.1% Tween 20, 0.5mg/ml (— )-tetramisole hydro-
chloride; Sigma-Aldrich) containing 4.5 pl/ml NBT (Roche Diag-
nostics, Mannheim, Germany) and 3.5pul/ml BCIP (Roche
Diagnostics), according to the supplier’s instructions. When a sat-
isfactory signal was detected, the reaction was stopped with PBS
containing 0.1% Tween 20. The embryos were observed under a
light microscope using Nomarsky optics.

Monoclonal anti-human CDS57/HNK-1 (Sigma-Aldrich) anti-
body, which recognizes an N-linked carbohydrate epitope of the
CD57/HNK-1 human myeloid cell associated surface glycoprotein,
was used at a 1:10 dilution, and biotinylated anti-mouse IgM
(Vector Laboratories) was used as secondary antibody. Control
experiments were run in parallel using mouse purified [gM (MOPC-
104E, Sigma-Aldrich).

Whole-mount immunohistochemistry was also carried out using
a fluorescein-labeled anti-rabbit IgG secondary antibody (Vector
Laboratories) at a 1:250 dilution as described previously (Moret
et al., 2005), and samples were analyzed with an LSM 510 META
confocal microscope (Zeiss).

Transmission electron microscopy (TEM)

For TEM, larvae were fixed in 1.5% glutaraldehyde in 0.2M
cacodilate buffer containing 1.7% NaCl for 1hr, washed exten-
sively in the same buffer, and post-fixed in 1% osmium tetroxide in
0.2 M cacodylate buffer. After washing and dehydration, the sam-
ples were embedded in Epon 812 resin. Semi-thin and thin sections
were cut with an Ultracut UCT microtome (Leica Microsystems
GmbH, Wetzlar, Germany), stained with uranyl acetate and lead
citrate, and observed under a Zeiss LEO 912 AB TEM.

Inhibition of phagocytosis by anti-ciCD94-1 antibody

Percoll  gradient-purified amebocytes were adjusted to
12 x 10° cells/ml. One hundred microliters of cell suspension were
diluted in 100 pul of ASW/EDTA containing the anti-ciCD94-1 an-
tibody at FC ranging from 10 to 50 pg/ml. The cells were incubated
for 1 hr at 18°C, with mild flicking of the tube every 15min. Three
controls were run in parallel using either an anti-ciCTX/JAM an-
tibody or pre-immune rabbit purified IgG at the same concentra-
tion as the anti-ciCD94-1 antibody or by omitting the antibodies.
Beads (polystyrene latex microspheres, Fluoresbrite™ Polychro-
matic Red 0.5 um, Polysciences, Warrington, PA) were suspended
in ASW/EDTA at a ratio of 1:5. This suspension was centrifuged at
500 x g for Smin to remove the aggregates, and 20 pul of the super-
natant was added to the cell suspensions. The cells were incubated
at 18°C for 15min, and 100 pl of the cell suspension was spread on
Superfrost Plus® slides, fixed, mounted as described above, and
observed under a Zeiss Axioskop microscope equipped with fluo-
rescence filter set 15 (Zeiss) and Nomarski optics.

Preparation of morpholino antisense oligonucleotides, synthesis of
mRNAs, and microinjection

A 25-mer morpholino oligonucleotide (5-CCATGTTTTACTT
GATTCGATTGAA-3') for ciCD94-1, designed to target a se-
quence containing the initiation codon, was custom-made (Gene
Tools LLC, Philomath, OR). As a negative control, a 25-mer mo-
rpholino oligonucleotide with five mispairs (5'-CgATGTTTTAg
TTcATTgGATTcAA-3’), which prevent the annealing with the
endogenous ciCD94-1 mRNA, was used.

ciCDY4-1 morpholino (5.7 fmol) was injected with a microma-
nipulator (model MMO-220 Narishige Sci. Instr. Lab., Tokyo,
Japan) as described (D’Aniello et al., 2006).

For rescue experiments, the protein-coding region of ¢iCD94-1
was amplified by PCR to create an expression construct that re-
tained the Kozak sequence of the endogenous mRNA but lacked
the part of the 5" UTR that is recognized by ¢iCD94-1 morpholino.
The PCR fragment was subcloned into the pBluescript RN3 vector
(Lemaire et al., 1995). Capped mRNA was synthesized in vitro us-
ing an mMessage mMachine® kit (Ambion, Austin, TX). Fertilized
eggs were co-injected with 3.6 pg of capped ¢iCD94-1 mRNA, to-
gether with the morpholino oligonucleotide. The embryos were
allowed to develop to the larval stage, fixed, and examined for




morphology. Eleven separate parallel experiments were carried out,
and ~ 50% of the injected embryos were recovered with an ob-
servable phenotype.

Results

Isolation of the gene message, Northern blot analysis,
and protein characterization

PCR amplification screening was carried out on oligo
(dT) first-strand cDNAs synthesized from total RNAs
of the larval stage and adult tissues using two primers
designed on the basis of the complete cDNA sequence
of 1,419 bp available in the JGI database (gene model
Ci0100135570, JGI C. intestinalis genome version 1.0).
The results indicated that the ¢iCD94-1 transcript of
739 bp is present in larvae, blood, and testis (Fig. 2A).
This product was cloned, sequenced, and found to cor-
respond to the gene model sequence. The striking differ-
ence in the expression of ¢iCD94-1 beteween testis and
ovary may represent an interesting issue that has not
been analyzed in this paper.

The full ORF of 843 bp was amplified in both tissues
using two other primers located in the 5’ and 3’ UTRs,
respectively (Fig. 1, shaded in gray). The resulting
1,188 bp transcript was subcloned into the TOPO-TA-
cloning vector, sequenced and found to correspond to
the gene model sequence. This product was used as a
template to prepare both antisense and sense riboprobes
for the in situ hybridization experiments and an o->>P-
labeled probe for Northern blot analysis.

Northern blot analysis carried out on total larval
RNA confirmed the presence of a transcript of
~ 1,400 bp, as predicted by the JGI database (gene
model Ci0100135570, JGI C. intestinalis version 1.0)
(Fig. 2B) and by the submitted ciCD94-1-like sequence
(AY505423) that differs only in four non-identical
amino acids. The ciCD94-1 protein has a deduced
molecular mass of 31,2kDa without carbohydrates
and is endowed with a single C-type lectin domain, a
transmembrane domain, and a short cytoplasmic tail at
the NH,-terminus (Fig. 1) that is a typical feature of
type II C-type lectin proteins (Cambi and Figdor, 2003).
Three possible N-glycosylation sites were identified us-
ing the NetNGlyc 1.0 Server (http://www.cbs.dtu.dk)
(Fig. 1).

BLAST analysis of the ciCD94-1 sequence showed
50/66% identity/similarity with the B. schlosseri CD94/
NKR-Pl-related receptor, 34/49% with a chicken NK
complex uncharacterized lectin (AY395574.1), and 30/
46% with the Homo sapiens NK cell receptor CD94.

A detailed analysis of the ciCD94-1 CTLD was per-
formed by comparing it with four similar domains
(Fig. 3): (1) the homologous domain of the human NK
cell receptor CD9%4 (Boyington et al., 1999), (2) B.
schlosseri CD94-1/NKR-Pl-related receptor, (3) a

271

A o
& e e
o 2
?33: ciCD94-1
400—
Ci-CaM
300—
B C 2o
G .
Oob & o
kDa 3 2> e
50—
3

25—

Fig.2 (A) Reverse transcriptase-polymerase chain reaction (RT-
PCR) analysis of ¢iCD94-1 mRNA. RNAs extracted from blood
cells, larvae, testis, and ovary were analyzed by RT-PCR using
primers specific for ciCD94-1 or calmodulin as a control. ciCD94-1
is expressed in blood cells, larvae and testis (ciCD94-1, 739 bp;
calmodulin, 380bp). (B) Northern blot hybridization of larval
RNA with the **P-labeled ¢iCD94-1 probe. The ¢iCD94-1 tran-
script was detected as a single band of ~ 1.4kb. (C) Western blot
analysis of proteins extracted from blood cells, larvae, and early
rotation stage juveniles. The anti-ciCD94-1 recognized only one
polypeptide band with the expected molecular mass (34 kDa) in all
the tissues examined.

Ca®"-dependent carbohydrate-binding C-type lectin,
CD209, from the gibbon Hylobates lar, and (4) a man-
nose-binding lectin from the ascidian Halocynthia
roretzi.

Four cysteines that form two of the four intrachain
disulfide bonds present in human CD9%4 (C 61- C 72, C
89- C 174, Homo numbering, H.n.) can be found in
ciCDY%4-1 (Fig. 3). In addition, C 59 and C 166 (H.n) are
also conserved, but not the C 70 and C 152 (H.n.) res-
idues that form disulfide bridges with them in humans.
The significance of an extra cysteine, C 115 (Ciona
numbering, C.n.), in the tunicate is not known.

Regarding the key hydrophobic residues that are in-
volved in the dimerization of the human molecule, I 75
(H.n.) is conserved in all the sequences considered,
while V 66 and Y 68 (H.n.) could be replaced in Ciona
by Y 96 and F 97 (C.n.). Residues L, F, and M in
positions 105, 107, and 108 (H.n.), respectively, which
participate in the formation of loop 3, are not conserved
in Ciona, with the exception of L 142 (C.n.). The C 58
(H.n.) that forms the interchain disulfide bond in the
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Fig.3 Alignment and amino acid sequence comparison of ciCD94-
1 CTLD (ciCD9%4) with Botryllus BsCD94-1 (bsCD94) (accession
no. AY159280), Homo sapiens CD94 (hCD94) (accession no.
Q13241), Hylobates lar CD209 (hyCD209) (accession no.
AALB89528), and Halocynthia roretzi mannose-binding lectin
(hrMBL) (accession no. AB000805). Cysteines are highlighted in
purple; possible dimerization sites are highlighted in turquoise;
amino acids involved in the interaction with the ligand are high-

heterodimer in human CD94 is lacking in tunicates.
Indeed, a cysteine is present at position 84 (C.n., Fig. 1),
close to the CTDL, in both Ciona and Botryllus.

The region DHRGLTKLADYIREL (135-149, C.n.)
(Fig. 3) corresponds to a region of the human CD9%
identified from the crystal structure as the loop 3 region
(Boyington et al., 1999) but usually predicted to be a
helix in homologous molecules such as CD209 and the
Botryllus CD94-1/NKR-Pl-related receptor. The pre-
diction for Ciona (http://www.compbio.dundee.ac.uk/
~ www-jpred/submit.html) is also a helix. This helical
feature would prevent dimerization with a signal-
transducing molecule.

Interestingly, a GxxxG motif is present in the trans-
membrane domain of ciCD94-1 in positions 19-24 (Fig.
1). This motif has been described as a strong interaction
motif in dimer formation, acting via transmembrane a
helix—helix association in some proteins, including
glycophorin A (Russ and Engelman, 2000; Senes et
al., 2000). Additional flanking amino acids reported to
act in concert with this motif are also conserved
(TVxxGVxxGIxxV) (Russ and Engelman, 2000)

(Fig. ).

lighted in yellow; Ca>"-binding sites are in light blue; the residues
involved in mannose recognition are double underlined; and the
human CD9%4 loop 3 is in green. The secondary structure of human
CDY% is displayed below in black, and the secondary structure of
ciCDY%4-1 predicted using a Protein Homology/analogY Recogni-
tion Engine server (Stuctural Bioinformatics Group, Imperial
College, UK; http://www.sbg.bio.ic.ac.uk/phyre/) is displayed
above in red.

With regard to interaction with the ligand, ciCD9%4-1,
like CD94, lacks most Ca”*-binding sites that in C-type
lectins such as Hylobates CD209 and Halocynthia MBL
mediate carbohydrate binding. The Ciona protein also
lacks the motifs that predict carbohydrate specificity
such as EPN for mannose and related carbohydrates,
present in Hylobates CD209 and Halocynthia MBL
(Fig. 3), and the sequence QPD that binds galactose and
related sugars. In ciCD94-1, the amino acids that in
human CD94 are involved in the interaction with pep-
tides presented by MHC class I molecules are conserved
(K 150, E 164, H.n.) or substituted with residues that
confer an overall net positive charge, as opposed to the
negative charge observed in the human molecule (E 123
substituted by R, E 145 substituted by R, D 163 sub-
stituted by K, K 169 substituted by R, R 171 substituted
by K, H.n.). No significant alternative substitution can
be proposed for E 124, E 167 and D 168 (H.n.) (Fig. 3).
It is noteworthy that these residues are not present in
the carbohydrate-binding lectins examined with the
exception of D, which substitutes E 123 (H.n) in hr
MBL, and of R, which substitutes E 164 (H.n.) in
hyCD209.



The existence of C-type lectins that bind carbohy-
drates in a Ca’*-independent manner via an unknown
mechanism (Weis et al., 1998; Brown and Gordon,
2001) does not allow us to rule out the possibility that
this interaction also occurs in ciCD94-1. However, the
overall analysis of ciCD94-1 suggests that it is able to
recognize peptides rather than carbohydrates. At this
point, questions remain about the nature of this pro-
tein’s ligand and of the molecule that, in tandem with
ciCD9%4-1, would ensure signal transduction.

Western blot analysis

A polyclonal antiserum was produced against a 19-aa
immunogenic peptide that included the carboxy-termi-
nus of the C-type lectin domain (Fig. 1). The affinity-
purified IgG fraction of this antiserum was used in
Western blot analysis of protein extracts of larvae,
ERSIJ and blood (Fig. 2C). Under reducing conditions,
a single band corresponding to a protein of about
34 kDa, close to the molecular mass calculated from the
deduced amino acid sequence of ciCD94-1, was detect-
ed. The minor difference in size between the theoretical
and the observed molecular masses is most probably a
reflection of either glycosylation or a more relaxed con-
formation due to the opening of disulfide bonds.

Expression of ciCD94-1 message and its product in the
blood cells

The expression of ciCD94-1 was first assessed in cellular
effectors of the immune system, namely hemocytes.
These are present only in the adult, as the larva is not
provided with a circulatory system and the embryonic
origin of hemocytes is poorly understood. In fact,
differentiated hemocytes are found for the first time at
the mature juvenile stage when also the heart is formed
and starts beating (Chiba et al., 2004). Our analysis was
carried out on the blood cells that populate the adult
tunic, the outpost for defense against pathogens and
parasites (Parrinello et al., 1990), and in circulating
blood cells collected from the perivisceral cavity of adult
animals.

To verify whether the hemocytes involved in local
inflammatory reactions express ciCD94-1, LPS-injected
tunic samples were processed for in situ hybridization
and immunohistochemistry.

None of the tunic blood cells from either NLT or LT
animals expressed c¢iCD94-1 mRNA; however,
immunohistochemistry indicated that the majority of
granular amebocytes present in the LT tunic express the
protein (Figs. 4A,4B). These observations may imply
that these cells, which have been reported to increase in
number by gathering at the site of inflammation (Di
Bella and De Leo, 2000), reach it already equipped with
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the gene product needed to carry out their prescribed
role in the immune response.

On the other hand, among circulating blood cells
isolated from LT animals, granular amebocytes show
an up-regulation of ciCD94-1 mRNA (Figs. 4C,4D) and
protein (Figs. 4E,4F). This result prompted us to study
the expression of ciCD94-1 in greater detail: Percoll
gradient-purified granular and hyaline amebocytes were
incubated in vitro with LPS for up to 12 min; this timing
corresponds to a plateau of ciCD94-1 expression, as
verified in preliminary experiments in which LPS treat-
ment was prolonged for up to 3hr (data not shown).
Aliquots of the cell suspension incubated with LPS and
collected after 3, 6, 9, or 12min were processed for
immunohistochemical staining, and the percentage of
granular amebocytes expressing the protein was evalu-
ated (Fig. 5B). These experiments confirmed that a dis-
tinct population of ciCD94-1" granular amebocytes
exists before LPS treatment, with some variation in
percentage among batches. The effect of LPS stimula-
tion was visible in terms of both the staining intensity
and the number of ciCD94-1" cells (Figs. 5A,5B). In
these cultures, ciCD94-1 expression could be induced in
a maximum of about 80% of the granular amebocytes,
from a predominantly ciCD94-1" subpopulation.

Inhibition of phagocytosis

Phagocytic activity has been described for Ciona gran-
ular and hyaline amebocytes (Smith and Peddie, 1992;
Rowley, 1996), and lectins are thought to play a role in
pathogen phagocytosis, with different modalities in an-
imals belonging to various phyla (Parrinello, 1991). We
have established that granular amebocytes can exert
phagocytic activity toward polystyrene latex beads. Pi-
lot observations indicated that 15 min after the addition
of beads, the number of granular amebocytes showing
phagocytic activity reached a maximum of ~ 80%.

In order to determine whether ciCD94-1 is involved
in this process, we incubated the purified amebocyte
fraction with various concentrations of anti-ciCD94-1
antibody before contact with beads. The results indi-
cated that the anti-ciCD94-1 antibody is able to inhibit
the phagocytic activity significantly and that at an an-
tibody concentration of 50 png/ml, the percentage of
phagocytic granular amebocytes declines to ~15%
(Fig. 6). This percentage remained constant even at
higher antibody concentrations (data not shown).

The specificity of this inhibition was assessed in con-
trol experiments using a polyclonal antibody raised
against another molecule: ciCTX/JAM (Du Pasquier et
al., 2004), a membrane protein expressed on granular
amebocytes (Zucchetti, 2005). This antibody did not
affect the phagocytic activity of the amebocytes, sug-
gesting that ciCD94-1 is involved, either directly or in-
directly, in phagocytosis.
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Fig.4 Expression of ¢iCD94-1 and its product in tunic and circu-
lating blood cells. Immunohistochemistry experiments carried out
with anti-ciCD94-1 antibody on tunic sections of non-lipopolysacch-
aride (LPS)-treated (NLT) (A) and LPS-treated (LT) (B) animals.
The ciCD94-1 protein is expressed only on the granular amebocytes
of the LT tunic. Whole-mount in situ hybridization on circulating
blood cells of NLT animals (C) and LT animals (D) using antisense
riboprobes for ¢iCD94-1. Hybridization with a sense riboprobe is
shown in the inset in D. Immunohistochemistry experiments with

Expression of the ¢ciCD94-1 gene and its product during
development and early metamorphosis

The expression of the gene began abruptly in the young
larva and persisted until the ERSJ, with slightly differ-
ent distribution patterns that were always restricted to
structures related to the nervous system (Fig. 7). In both
young and mature larvae, the gene displayed an anterior
expression domain in the papillary region (Figs. 7B-7D)
and in the fibers of the rostral-trunk epidermal neurons
(Fig. 7D inset). The labeling was localized in the central
area of the papillae, corresponding to the papillary
neurons (Fig. 7E). A weaker expression was observed in
the palps of the settled larvae (Fig. 7I).

Interestingly, the ciCD94-1 expression pattern extended
to a limited number of cells lining the cavity of the neural

an anti-ciCD94-1 antibody on circulating blood cells of NLT (E)
and LT (F) animals. Preimmune rabbit IgG control, inset in F. The
gene and its product are up-regulated in granular amebocytes of LT
animals. None of the other blood cell types express ciCD94-1
mRNA or protein. Some granular amebocytes are indicated (ar-
rows); arrowhead, univacuolar refractile granulocyte; asterisk, mo-
rula cells. Nomarski optics. Scale bars: 30 pm (A, B), 10 um (C, D),
20 um (E, F).

vesicle, at the opposite side of ocellus, corresponding to
the area in which the coronet cells are positioned (Figs.
7B,7D). Both the cell bodies (Fig. 7G) and the globular
structures (Fig. 7F) protruding into the cavity of the neu-
ral vesicle were labeled. The hybridization signal, rather
faint in the young and settled larvae (Figs. 7B,7I), was
strong in the mature larvae and in the ERSJ (Figs. 7D,7J).
A further signal was detected in the visceral ganglion from
the young larva stage to the ERSJ, with a maximum ex-
pression peak at the late larva stage, when a well-defined
set of cells was distinguishable (Figs. 7B,7D,7H-7J).
ciCD94-1 protein was present in the palps (Fig. 8A) and
in the ganglion (Fig. 8B) of mature larvae and in the
ganglion of ERSJ (Fig. 8D). In mature larvae, labeling,
albeit faint, was also observed in the globular bodies of the
coronet cells (Fig. 8C).
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Fig.5 Timing of the expression of ciCD94-1 in amebocytes treated
with lipopolysaccharide (LPS). (A) Increase in both the number of
the granular amebocytes expressing the protein and the intensity of
the DAB staining after 12 min of LPS treatment. The pattern of the
parallel control run without LPS is comparable with the sample at
t0. Nomarski optics. Scale bar: 30 um. (B) Quantification of the
ciCD94-1-expressing granular amebocytes following LPS treat-
ment.
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Fig. 6 Inhibition of the phagocytic activity of the granular am-
ebocytes by an anti-ciCD94-1 antibody. Pre-incubation of the cells
with increasing concentrations of the antibody is able to prevent
bead phagocytosis. The specificity of the action exerted by the anti-
ciCDY%4-1 antibody is demonstrated by the controls run with an
anti-ciCTX/JAM polyclonal antibody and preimmune rabbit
immunoglobulin G at the same concentration. A further control
was performed by omitting the antibodies. Bph-amebocytes, bead-
phagocyting amebocytes.

An interesting and not previously described domain
of ciCD94-1 expression was found in an arrowhead-
shaped structure located in the dorsal epidermis of the
head of the young and middle-stage larvae (Figs.
7B,7C). In the more mature larvae (Fig. 7F), this re-
gion showed a faint signal. This expression pattern
reflected the labeling of a restricted number of cells,
possibly six, posterior to the primordial pharynx, above
the middle portion of the neural vesicle (Figs. 7A,7C).
We termed these cells arrowhead-shaped structure cells
(ASCs). Confocal microscopy (Figs. 7E,7F) indicated
the presence of the protein at the level of the ASCs.

In TEM preparations, the ASCs were easily identi-
fiable not only by the features of their cytoplasm but
also by their organization and position relative to the
sensory organs (Fig. 9). The most remarkable observa-
tion concerned the arrangement of the cells along the
dorso—ventral axis of the larva. The ASCs were not part
of the epidermal layer, as inferred by light microscopy,
but were instead embedded between the epidermal cells
and the basal lamina lining the neural vesicle. These
cells cannot be interpreted either as the posterior “api-
cal trunk epidermal neurons” (ATEN) immunostained
with the UA301 antibody (Takamura, 1998) in an area
of the neural vesicle posterior to the ocellus, or as the
more recently identified anterior ATEN (Imai and Me-
inertzhagen, 2007). In fact, both of these cell groups are
asymmetrically located in the dorsal epidermis, slightly
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to the right of the midline. Furthermore, a possible
correspondence between the ASCs and the cells that
express Ci-AMTIa, which define a V-territory spanning
from the neural vesicle to the external environment
(Marino et al., 2007), could be limited only to some
cells. In fact, our observations clearly demonstrate that
the ASCs do not belong either to the epidermal layer or
to the neural vesicle.

The still-open discussion about the presence and
genesis of the neural crest cells (NCCs) in ascidians

AT

(Jeffery et al., 2004; Jeffery, 2006) led us to check for the
presence of HNK-1(CD57) epitopes on the ASCs be-
cause of their distinctive dorsal position. The anti-
HNK-1(CD57) antibody, a vertebrate NCC marker,
has been used previously on larvae in whole-mount
immunohistochemistry. Both dorsal and lateral views of
the larvae showed a signal associated specifically with
the ASCs (Figs. 10A,10B). The expression of ciCD94-1
in this set of cells may be linked to their putative mi-
gratory competence (expected of NCCs), which would
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require this protein in cell—cell interaction, one of the
functions described for C-type lectins (Zelensky and
Gready, 2005).

Effect of morpholino oligonucleotides’ microinjection
on the normal organization of the larval nervous system

Because ciCD94-1 mRNA and its product were found
during development in structures related to the nervous
system, we explored its potential function(s) by con-
ducting morpholino oligonucleotide microinjection ex-
periments. In each experiment, the results were analyzed
only when the control non-injected larvae exhibited at
least 90%—100% of the normal development. As a neg-
ative control, we used a morpholino oligonucleotide
with five mispairs that prevented annealing with the
endogenous ¢iCD94-1 mRNA.

Pilot experiments were conducted to determine the
optimal amount of ¢iCD94-1-specific morpholino oligo-
nucleotide to be used. Fertilized eggs injected with 7.6
to 11.4 fmol of morpholino did not develop, and eggs
injected with 3.8 fmol showed virtually no change in
phenotype. Therefore, our observations were carried
out on eggs injected with 5.7 fmol of the morpholino
oligonucleotide, which produced larvae showing several
morphological abnormalities. The specificity of these
results was assessed in rescue experiments in which we
co-injected 5.7 fmol of ciCD94-1 morpholino and an
experimentally optimized amount of 3.6 pg of synthetic
ciCD94-1 mRNA, designed to prevent morpholino
oligonucleotide annealing.

In a set of 11 experiments in which 105 embryos have
been examined, we observed that at the time that 70%
of the observable negative control larvae showed an
elongated pre-oral lobe and protruding palps (Fig.
11D), the proximal part of the head appeared rounded
in 67% of the “knocked-down” larvae (Figs. 11A,11B).
In particular, the palps were either missing or only par-
tially protruding, with an evident reduction of the pre-
oral lobe. Moreover, the cavity of the neural vesicle was
smaller than normal or entirely absent, and when pres-

«
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ent it still contained the pigmented sensory organs
(Figs. 11A,11B). The roof of the neural vesicle was
thinner (Fig. 11B), and the proper structure of the neck
and the visceral ganglion was no longer distinguishable
(Figs. 11A,11B). Rescue experiments resulted in the re-
covery of the normal phenotype in 30% of observable
larvae. These larvae showed a normal neural vesicle
with a well-developed cavity, a correct structure for the
visceral ganglion, and a partial elongation of the palps,
with a pre-oral lobe comparable with that of the con-
trols (Fig. 11C). In summary, the phenotypes obtained
clearly reflect a specific action of the morpholino on the
correct differentiation of the territories in which
ciCDY%4-1 is expressed.

Discussion

In this work, we have characterized ciCD94-1, a CTLD-
containing protein homolog of human CD94, in C. in-
testinalis, a key organism for understanding the evolu-
tion of vertebrates (Delsuc et al., 2006). Even though
sequence homology places the ciCD94-1 molecule close
to CDY4, several features do not suggest that they are
complete orthologs (Fig. 3). However, ciCD9%4-1 could
still be considered a C-type lectin that lacks Ca®"-bind-
ing sites and therefore its carbohydrate-recognition ca-
pacity (Fig. 3). It could instead bind peptides,
connecting it to the functionality of human CD94,
which recognizes peptides in the groove of MHC class I
molecules. Ciona lacks MHC class I and II molecules
(Azumi et al., 2003) but, interestingly, MHC class I-
independent NK receptors have been described in mice
(Lizuka et al., 2003; McNerney et al., 2005). These re-
ceptors represent another layer of lectin-mediated con-
trol of NK functionality, broadening the mechanisms of
interaction with target cells in an innate context in ver-
tebrates (lizuka et al., 2003). Therefore, more specifi-
cally, ciCD94-1 could be part of an ancestral
mechanism of self-non-self recognition. However, in
line with the observation that some C-type lectins bind

Fig.7 (A) Schematic organization of a Ciona larva (modified from
Satoh, 1994). Whole-mount in situ hybridization, showing the ex-
pression of ciCD94-1at different larval stages. ASCs, arrowhead-
shaped structure cells; OC, ocellus; OTH, otholit; P, palps; SV,
sensory vesicle; VG, visceral ganglion. (B) Lateral view of a young
larva. The gene is expressed in the palps and visceral ganglion
(arrows). A faint labeling corresponding to the coronet cells can be
distinguished in the nervous tissue surrounding the neural vesicle
(arrowhead). Some cells stained in the dorsal epidermis located just
above the neural vesicle (* in B) are better identified by focusing on
this region (C, dorsal view): six cells arranged in an arrowhead
shape (ASCs) can be counted. Expression of ¢ciCD94-1 extends to a
later stage of larval development characterized by the elongation of
the pre-oral lobe and of the palps (D, dorsal view), which are still
strongly stained. A closer view of this region shows a signal in the
rostral trunk epidermal neurons as well (inset). A cross-section
through the area of the palps shows that the labeling is localized

to the central area of the papillae, corresponding to the papillary
neurons (E). At this stage, the signal in the coronet cells is con-
siderably higher than that in the young larva, and sections at
different levels through the area of the neural vesicle reveal the
labeling of both the ciliary bulbs (F, arrow) and the bodies of
these cells (G, arrow). These cross-sections also show labeling of the
ASCs (F, arrowheads). In the visceral ganglion, strong expression
of ciCDY94-1 reveals two parallel rows of cells (D; H, arrow). In
the larva just after settlement (I), ciCD94-1 is still weakly expressed
in the palps and in the coronet cells (arrow). Some labeled cells
are still present in the visceral ganglion (arrowhead). In the early
rotation stage juveniles (J), the expression of the gene increases
again in the coronet cells (arrow) and visceral ganglion (arrow-
head); the palps retain some labeling (*). Young and mature
arvae (K, lateral view) hybridized with a sense riboprobe. Anterior
is to the left. Scale bars, 70um (B-D, I, J); 10pm (E); 20pum
(F-H).
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Fig.8 Whole-mount immunohistochemistry showing expression of
the ciCD9%4-1 protein at different larval stages, carried out using
either NBT-BCIP staining (A-F) or a fluorescein-labeled anti-rab-
bit immunoglobulin G (IgG) secondary antibody (G, H). In late
larvae, ciCD94-1 is expressed in the palps (A, lateral view) and the
visceral ganglion (B, lateral view, arrows). Staining is also observed
in the ciliary bulbs of coronet cells protruding into the neural ves-
icle (C, lateral view, arrow). In the early rotation stage juveniles,
ciCDY%4-1 is found in the visceral ganglion (E, arrow), and faint
labeling persists in the area corresponding to the coronet cells (ar-
rowhead). Confocal microscopy indicates the presence of the pro-
tein in the arrowhead-shaped structure cells (ASCs). (G). Negative
control run using rabbit preimmune IgG (D, F, H). Anterior is to
the left. OC, ocellus; OTH, otholit. Scale bars, 30 um (A, B, G);
20 um (C); 70um (E).

Fig.9 Spatial organization of the arrowhead-shaped structure cells
(ASCs). (A-E) Semi-thin serial sections through the area of the
ASCs of whole-mount in situ hybridization specimens. Note the
labeled cells (arrowhead), initially separated (A), that gradually join
(B-D) along the antero-posterior axis. In the corresponding pos-
terior end of the neural vesicle, only one labeled cell is visible (E).
(A’-D’) Transmission electron microscopy of the ASCs, showing
that the ciCD94-1-expressing cells correspond to cells with an elec-
trondense cytoplasm. These cells appear embedded between the
epidermis and the basal lamina lining the neural vesicle. OC,
ocellus; OTH, otholit. Scale bars, 20 um (A-E); 5um (A’, B’), 2 um
(C', D).



Fig.10 Expression of HNK-1 epitopes in larvae, as revealed by
whole-mount immunohistochemical staining with NBT-BCIP. (A)
Lateral view of a young larva showing stained cells corresponding
to the arrowhead-shaped structure cells (ACSs) (arrow). The ar-

carbohydrates in a Ca’*-independent manner (Brown
and Gordon, 2001), carbohydrates could be still be po-
tential ligands for ciCD94-1. Whether and how a co-
receptor might be involved is a subject for future in-
vestigation.
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rowhead pattern of the labeled cells can be seen (B; inset in A,
dorsal view). Negative control run by using mouse purified IgM
(inset in B). Scale bars, 70 pm.

These considerations regarding the ciCD94-1 C-type
lectin domain also apply to the Botryllus CD94/NKR-P-1
molecule (Khalturin et al., 2003), thus forcing us to revise
the definition of these molecules as true CD94 orthologs,
in agreement with the point raised by Sato et al. (2003).

Fig. 11 ciCDY4-1 is essential for correct development of the palps
and neural vesicle of the larva. ciCD94-1 knockout larvae (A, B)
showing that the palps are absent or only one quite reduced struc-
ture is observable (arrowhead) and reduced (A) or absent (B) cavity
of the neural vesicle (arrow). In all the phenotypes, the area of the
visceral ganglion is strongly affected (). Injection of capped

mRNA for ¢iCD94-1 can rescue the phenotype (C). Palps, even if
not entirely elongated, protrude from the rostral area of the head
(arrowheads), and the cavity of the neural vesicle can be observed
(arrow). Also, the structure of the visceral ganglion is not affected
(*). (D) Control larvae injected with mispaired oligonucleotide.
Scale bars, 20um (A—C); 70 pm (D).
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An important result emerging from the present study
is the dual commitment of ciCD94-1: to cells involved in
immunity later in life and to elements of the nervous
system during larval development and early metamor-
phosis. A first functional commitment seems to be as-
sociated with immunity. Indeed, the ciCD94-1 protein
can be detected in the majority of granular amebocytes
gathering at the inflammation site of the LT tunic (Fig.
4A,4B) (Di Bella and De Leo, 2000). In circulating
blood cells, the increase in the expression of both
ciCD94-1 mRNA and its product, as well as the increase
in the number of positive cells directly following LPS
treatment of the organism (Figs. 4C—4F;5A), are in line
with a pattern expected from an inflammatory reaction.
The presence of the ciCD94-1 protein in about 20% of
the granular amebocytes of NLT animals suggests the
existence of a constitutively ciCD94-1" cell population
acting as a self-non-self detector. Alternatively, ciCD94-
1 could exploit one of the lectins’s roles, such as cell
contact with the surrounding tissues, with the receptor
for pathogens being a different entity.

Interestingly, granular amebocytes, together with
compartment cells, are engaged in the production of
CiC3-1, a homolog of the third component of comple-
ment C3, following injection of LPS into the tunic
(Pinto et al., 2003), and the same cell type constitutively
expresses a CiC3a receptor (Melillo et al., 2006). Alto-
gether, these results indicate that granular amebocytes
are provided with a complex array of surface receptors,
enabling them to be active effectors in the immune re-
sponse. In Ciona, phagocytosis is one of the activities
described for granular amebocytes (Smith and Peddie,
1992; Rowley, 1996). Our results indicate that this ac-
tivity is specifically inhibited by anti-ciCD94-1 antibod-
ies, reminiscent of the involvement of some C-type
lectin-like receptors such as the CD209 (DC-SIGN)
protein, which functions not only in adhesion but also
as a phagocytic pathogen-recognition receptor (Cambi
and Figdor, 2003).

A second functional commitment of ciCD94-1 that
we have identified has to do with Ciona development,
mainly in the nervous system. From the early larval
stages to the ERSJ, the expression of ciCD94-1 mRNA
and its protein product is confined to neural structures
(Fig. 7). In particular, the expression at the level of the
papillary region in both young and mature larvae sug-
gests a role for this molecule in larval settlement. It is
particularly interesting that ciCD94-1 is localized in the
central area of the papillae corresponding to the pap-
illary neurons and in the fibers of the rostral-trunk epi-
dermal neurons, locations that may be more strictly
related to sensing either environmental or structural
features of the substrate. A similar role has been hy-
pothesized for a series of innate immunity-related genes
expressed in the same area in the tunicate Boltenia vil-
losa (Davidson and Swalla, 2002). On the other hand,
the morpholino injection experiments, which resulted in

the loss of palps and a reduction in the pre-oral lobe,
may point to a role for ciCD94-1 in the correct orga-
nization of the anterior-most part of the head, such as
the elongation of the palps. Another interesting issue
arises from our in situ hybridization results and
immunohistochemical staining of coronet cells. These
cells have recently been shown to synthesize dopamine,
a characteristic that is generally attributed to neurons,
and they arise in a region expressing genes homologous
to vertebrate hypothalamic markers (Moret et al.,
2005). ciCD94-1 is also found in a set of aligned cells
of the visceral ganglion, with different intensities and
patterns from young larva to ERSJ. Even if the clas-
sification of the cells that compose the visceral ganglion
remains an open issue, the ciCD94-1-expressing cells
overlap with the cells identified as neurons by Nicol and
Meinertzhagen (1991). In the morpholino-injected lar-
vae, the area corresponding to the visceral ganglion
lacked a correct structural organization. This result may
point to the participation of ciCD94-1 in the modeling
of this nervous structure during development, a role
that has already been described for the mannose recep-
tor, a C-type lectin expressed in vertebrate brain during
development (Regnier-Vigouroux, 2003).

Finally, the existence of the ASCs, as revealed by
ciCD94-1, suggests an intriguing hypothesis. The ar-
rowhead structure outlined by these cells is formed by a
defined number of cells located above the neural vesicle
(Fig. 7A) that expressed ciCD94-1 during a temporal
window corresponding to the young larval stage. Ob-
servations at the ultrastructural level indicated that
these cells are wedged between the epidermal layer and
the basal lamina that surrounds the neural tissue (Fig.
9). This localization is evocative of the traditional defi-
nition of NCCs, namely, as cells located in the bound-
ary between the neural tissue and the epidermis.

In Ecteinascidia turbinata, the presence of migratory
neural crest-like cells that give rise to the pigment cells
of the adult has been revealed using an anti-HNK-1
antibody and the Zic gene as markers of vertebrate
NCC (Jeffery et al., 2004). Detection of HNK-1 expres-
sion in other ascidian species has extended the idea that
NCC-like cells are present in protochordates (Jeffery,
2006). In C. intestinalis, Jeffery observed a relatively
small number of trunk mesenchyme cells located pos-
terior and lateral to the brain sensory vesicle of the
mature larva. These cells dispersed throughout the
body and the tunic of the animal after metamorphosis
(Jeffery, 2006).

Although the anti-HNK antibody labels a range of
neurectodermal and mesendodermal cells (Meulemans
and Bronner-Fraser, 2005), it is currently used as a
marker of migrating NCC (Akitaya and Bronner-
Fraser, 1992; Hirata et al., 1997). Hence, our observa-
tion that the HNK-1 pattern reproduces the expression
of ciCD9%4-1 in the ASCs (Fig. 10) in a young larval
stage, clearly preceding the stage already analyzed



(Jeffery, 2006), as well as their localization to the dorsal
area between the epidermis and the neural vesicle favors
an interpretation of these cells as NCCs, or at least
reconfirms their unique nature.

The results described in this paper provide evidence
for the presence in Ciona of a C-type lectin that could be
structurally located along the evolutionary pathway
leading to the NK receptors. ciCD94-1 provides a new
tool for a more in-depth study of the field of hemocyte
genesis and function in ascidian immunity, and its role
in the organization of several nervous compartments
during late development reinforces the current specula-
tions about gene co-option in these two systems (Du
Pasquier et al., 2004).
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