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Abstract

In the urochordateCiona intestinalissome membrane Immunoglobulin superfamily members with ancestral features of
antigen receptors are homologs of vertebrate adhesion molecules acting as virus receptors. They include the following: the
junction adhesion molecule (reovirus receptor) (JAM), the Cortical thymocyte markérafpug CTX family) (Coxsackie’s
virus receptor) and the poliovirus receptor (PVR). In humans these genes belong to the same linkage group, of which 4
paralogous groups exist. This situation is consistent with the notion thaCitivea set of genes would correspond to a
preduplication state. In addition, the human region 3q13 and its paralogs, harbour genes remotely related to the nectin family
that can be detected in Protostomes (human CRTAM and CD80-86 relddedgophilaBeat). In addition, this linkage group
contains several CDs important for the immune system CD166, CD47 and many members of the tetraspanin family. The VC1-
like core of the nectin is homologous to the VC1 core of the MHC-linked tapasin and to the VC1 segments of, for example,
specific antigen receptors of vertebrates, and could be related to a primitive antigen receptor gene. It is suggested that th
virus binding property of the members of this family was exploited, and that they were recruited in the vertebrate immune
system following the introduction of the somatic rearrangement machinery. In this way the adaptive immune system could have
developed from a set of receptors involved in a primitive local innate immunity involving BHmediated apoptosigo cite
thisarticle: L. Du Pasquier, C. R. Biologies 327 (2004).
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Résumé

Limmunité innée chez les chordés primitifs et I'apparition de I'immunité adaptative. Chez I'UrochordéCiona
intestinalis trois membres de la superfamille des immunoglobulinessemblant au récepteur des cellules T ancestral, ont
été trouvées au sein de deux familles de molécules d’adhésion. Ces molécules possedent un domaine de type variable codé ¢
un gene V complet sans réarrangement somatique, en position distale associé au gene d’'un domaine constant, soit de type (
(famille CTX et JAM), le plus ancien, soit de type C1, typique des molécules du systeme immunitaire adaptatif (Famille nectine).
Chez les vertébrés, les homologues de ces trois génes sogroopes sur un seul segment de chromosome et ses paralogues
(3913, 11923, 21921, 1g22). Chez 'homme, ces trois types de molécules d’adhésion peuvent servir de récepteur pour des viru
(reovirus, Coxsackie’s virus et poliovirus) et leur interaction avec le ligand peut entrainer I'apoptose de la cellule par une voie
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NF-«B. Il est possible qu'au cours de I'évolution des chordés une telle propriété ait favorisé le recrutement de cette famille
de molécules dans le systeme immunitaire. Les génes V deaésules constituaient une aghidéale pour 'introduction du
réarrangement somatique. Sur le méme groupe de liaison, i.e., le chromosome 3q13 de 'homme, se trouve aussi CD166 et de
tétraspanines, dont on retrouve des homologues €@ Sur le méme groupe de liaison et ses paralogues, on trouve encore
les genes de molécules apparentées, CRTAM, CD80 et 86ntjdies homologues daia famille Beat de la drosophile, ce qui
permettrait de retrouver la trace des récepteurs spécifiques du systéme immunitaire des vertébrés chez les pRdostomes.
citer cet article: L. Du Pasquier, C. R. Biologies 327 (2004).
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1. Introduction 2. Potential ancestors ofintigen specific receptors

in the genome of an early chordateCiona

intestinalis

During evolution many defense strategies have

been invented to fight pathogens and parasites, whether How was the somatic generation of diversity intro-
these parasites belong to a different phylum or king- duced in vertebrates? One needed the introduction of
dom (bacteria, virus, protozoa etc.) or to the same a rearranging mechanism in an Immunoglobulin su-
species (cases of allorecognition in many inverte- perfamily (Igsf) V gene without jeopardizing the life
brates) as the host. A great variety of germline- of the individual. So presumably the introduction of
encoded innate defense mechanisms, characterized byRAG mediated rearrangement came after the expres-
their rapid intervention, are found across the animal sion of the ancestral receptor was confined to a cell
kingdom. In contrast, adaptive immunity, grounded such as the modern effector of adaptive immunity, i.e.,
upon immunoglobulins (Ig) and T cell receptors (TCR) & primitive lymphocyte. If things went wrong, it would
with the variable part ofte receptor generated so- ©0nly affect one clone of cells and not the organism.
matically by random recombination of elements scat- ~ FOr the enzyme machinery, the apparent abrupt
tered in the genome, and the major histocompatibil- &PPearance of RAG1 and_2 in elasmobranchs suggests
ity complex (MHC)-encoded antigen presenting mole- that a tra_nsposon and _lts transppsase, pres_umably
cules are present only in the jawed vertebrates. Be- from a unicellular organism, were introduced in the

cause of clonal selection, positive and negative se- pnr:ord|al_V?enlfs ththe recepltd[ﬁg. o find out wh
lection in the thymus, MHC-regulated initiation of n easier task pernaps woulld be to find out where

. . he MHC, T-cell receptor and antibodies structural
all adaptive responses, etc., the essential elements o . . ;
o . elements come from and in vdh order. The ideais to
the adaptive immune system are locked in a coe-

Ving 19-TCR-MHC unit. Thi | ¢ examine non-vertebrates chordates for such molecular
YO ving 19- o unit. ,'S COMPIEX Sys e,m wgs characteristics. Now the genome of the urochordate
in fact superimposed onto innate systems inherited Ciona intestinalisis available and no ‘real’ genes
from invertebrates, of which some elements are con- of Ig TCR in the modern sense have been found
served, such as the complement system and others{3]' It has the reputation of not having adaptive
such as the Toll-like receptor cascade, are still required jymune responses and to have natural kills
for the initial phases of the adaptive resporii  and some complement components as parts of its
Why and how did this adaptive system arise is a jnnate immune system have been repoffdit is an
fascinating evolutionary question, the speculative an- ideal deuterostome order to search for genes related
swer of which may be revealed as we investigate to the ancestors of the modern effectors of adaptive
the genomes of non-vertebrate chordates. This arti- immunity.
cle deals with the origin of the rearranging receptor First one has to predict what could have been the
genes. immediate ancestor of an Ig or a polypeptide

diat tor of I TCR pol tid
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chain. The simplest precursor would have one com- One Homolog of CD16Gfor a complete set of
plete V domain and one C domain, similar to a light reference about the CDs mentioned in this paper
chain or to a TCR chain. The C domain should be please consulthitp://www.ncbi.nim.nih.gov/PROVY/
related the very specific C1 type, the Igsf domain (ci0100151841) V-V-C2-C2-C2-TM-Cy has been se-
type, seen only in vertebrates that achieve somatic re-|ected because it is expressed in hematopoietic tissues
arrangemer{6]. C1 domains are encounteredinavery gnd pas 2 VV domains. In humans it belongs to a link-

small number of molecules compared to the other Igsf age group that may have phylogenetic relevance (see
I-set and C2 domains. In fact, other than TCR and g, below)

gj:soThaem; zrg_l;%lf(r;%Tath:sz\:I‘HCecilzsssl iintﬁelzl I\n/l] alg: Several homologs of Amphioxus VCBR/chitin
’ pasin, perhap binding domain[9] grail 41-64.1, 41 65.1, 41 66.1

linked butyrophilin, and in a small family of signal in- ) . .
yrop y orsig (ci0100131230). Grail 324.11.1 (ci0100148111) and

hibitory proteins called the SIRH3]. However, we : » i
shall see that there are othutative candidates, and  ©rail 7418.1 (chitinase domain only) are made of 2

that they are precisely the ones that have homologuesV domains that do not rearrange somatically, followed
in the Cionagenome. by one chitin-binding domairF{g. 1). In Cionathose

VCBPs form a smaller multigene family than in

2.1. Immunoglobulin superfamily members Branchiostomathe more evolved cephalochordate.
structurally related to the vertebrate immune system In Ciona the V domains are assembled each from
two exons spliced by a type 0 joint like for the

Several Igsf molecules related to the adaptive vertebrate CTX V domain. In the case of the best

immune system were found in typical Blast searches. characterized gene 324.11.dtilf incomplete at the
In addition to TCR and Ig V regions, the V domains 5'end) the splicing side in the V2 domain is at the same
of CTX (cortical thymocyte receptor ofenopupand position as in CTX, i.e., 28 amino acids after the first
Tapasin (a molecule involved in the class | peptide cystein, even though there is low sequence identity
loading pathway) were used mssilico probes. These  with CTX. Their expression pattern in the gut of the
were known by experience to have yielded many amphioxus would fit with a role in innate immunity in
non-rearranging V genes homologs in vertebrates. that species, based on studies done in other species.
The sequences of the genes mentioned below canThe chitinase domain shows some conservation with
be retrieved from theCiona database with their id 3 human Chitotriosidase secreted by activated human
numbers given after each. However some of the genesmacrophages and involved in degrading chitin-rich
mentioned were not found under thls form in the pathogens[10]. A similar function could exist in
JGI database, where the reconstruction is not alwaySAmphioxus andCiona The architecture of VCBP
accurate (see below). molecules remind us of that seen in FREPs (V-V-
) i Fibrinogen) of the molluscam@iomphalarig where
2.1.1. !gsf meml?grs with V .domains poorly related to 2 lg domains, belonging to a diverse multigene family,
the antigen specific receptqr . are connected to a fibrinogen domain and play a role in
Homology was determined with the Blast pro- . .

. the defense against the paraSthistosom@ll,12]
gram. The type of Ig domain often can be pre- None of these molecules is close to the ancestor of
dicted from the primary sequence by a variety of pro- X ] .

TCR single chain VC-tm-cy proposed architecture, not

grams. Five were used: Psired, Predict, j pred, gor 1 ,
and gor 4. All are available on the Expasy server only because they lack C1 domains, but also because

(http://mww.expasy.ch/ If none of these precisely they are apparently soluble molecules, and not likely
identify the V or C nature of a segment, all of them 10 function as receptors. Therefore using CTX, an Igsf
detect differences between domains and permit group- receptor with a non rearranging V, asiarsilico probe

ing. This characteristic, in addition to the detection of | searched th€ionagenome and th€ionaEST data
specific residueg8] allows a reasonable estimate of bases and uncovered two other categories of putative
the type of domain encountered. Igsf membrane receptors.
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Fig. 1.CionaVCBP 324.11.1 — Reconstructed from grail 324. V1 Wiznhunoglobulin superfamily domain with V fold Amirercid sequence deduced from the genomic setpien
and secondary structure predictiofhe underlined residues represent the V frame fingerpéasidues. The figures 0, 1, 2 correspond to the posdfaie splicing sites and
the number indicates the splicing law. The ? indicates that the gene omyilete in the data base. For the secondary structure predictiercdll, E = strand, H= helix,
Phosp= phosphorylation site, ABCOEFG= Igsf strands.
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Fig. 2. ACionaJAM CTX member ci0100131719. Amino acid sequence deduced from the genomiosequel secondary structure pridin. The underlined residues repent
the V frame fingerprint residues. The figures 0, 1, 2 correspond to the positiba splicing sites and the number indicates the splicing law. For tt@nsary structure prediction
C = caoil, E = strand, H= helix, ABCC DEFG= Igsf strands, Phosp# phosphorylation site. The four Cysteins of the constagion, a shared characteristic with CTX family
members have been underlined.
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2.2. Igsf transmembrane receptors In phylogenetic trees the two genes do not cluster
together; thus they may be derived from an ancient
2.2.1. AJAM CTX family member (V-C2-TM-Cy) duplication.

One gene (>ci0100131719) was reconstructed In summary, the only two membrar@ona Igsf
(Fig. 2) and completed with help of a partial CDNA forms with a reasonable mdarane receptor architec-
(BW203636). It resembles a member of the JAM CTX ture correspond to two vertebrates families already
family. With an Igsf V domain, a C2 domain, a trans- suspected of having ancestral featufds JAM [13]/
membrane and cytoplasmic segments, it has the hall- CTX family [14—16]and the nectinf7].
marks of a cell surface receptor. The overall homol-
ogy puts theCiona gene close to JAM3 and JAM2,
the two forms that unlike JAM1 and the related Z391g, 3. Linkage studies
share the extra pair of cysteins in the C2 domain with
CTX (Figs. 2 and % The uniqueCionagene looks like The above mentioned members found Giona
apreduplicated form, ancestral to modern JAM and to belong to a single linkage group in humans, with its
CTX. The gene architecture so well conserved in ver- several paralogs. Moreover, members of the extended
tebrate CTX and to a certain extent in the JAM genes VC-like family belong to the MHC linkage group
(Fig. 4) is not maintained in th€ionagene, as new  (tapasin)17,18]and some of the human nectin CTX
introns were introduced in the urochordate gene and JAM chromosomal segments are on bona fide MHC
introns have disappeared in the vertebrate genes. Yetparalog as well (CTX is next to MHC proper in
there are striking similarities. The last two exons of XenopusJAM1 and the CTX family member A33 are
the C domain splice to eachother via a type 0 splice on 1q, a MHC paralog in human; Tapasin is in the
site in the same position as in the JAM3 geRig( 4). MHC and its paralog is on the MHC related group

The V domain is made of 3 exonBi. 4) but they on 12 p13). In summary, the search@onaled not
are not superimposable to those of JAM. As in JAM, only to one or a few homologous genes but also to
the transmembrane segment is encoded by an exon thatonserved genetic regions. In humans these genetic
encodes only a few cytoplasmic residues; this is not regions contain many immunologically relevant genes
the case in CTX. some of which are known CDs, including CD80 and

86 with a good homology with CTX MV14] and
2.2.2. Two nectin/poliovirus receptor (PVR) family several tetraspanins on chromosome 3. Other genes
members (V-C1 like-C2-TM-Cy) such as the pentaspani@D47 with an Ig domain

The other family detected irCiona having the clustering with the V domain of the linkage group
architecture of a cell stace receptor was that of CD47 could not be found i€iona Interesting enough
nectins and poliovirus recegs (PVR), molecules the V domain of CD47 is most similar to the members
relatively ignored by immunologists, represented by of that linkage group as if its V domain was related
two specimens irCiona (Fig. 3). Those genes are to the nectin, tapasin, JAM/CTX group. It looks like
made of one distal V domain followed by 2 C a possible duplicate of the family just like PO and
domains linked to a transmembrane and a cytoplasmicEva are CTX related segments on their respective
segments. The anterior C domain of the nectins is linkage groups[7]. In addition, CD166 mentioned
more like a C1 than a C2 domain, and the VC1 above, because of its homolog@iona, is also in the
segment represents a core that has good homologysame linkage group 3q1Big. 5). Other genes in these
with many molecules, or segments of molecules, of regions are linked to innate immunity (Tollip, Mail).
the adaptive immune system in the following ways: Some of the non-Igsf genes can be found in the
(i) the TCR and Ig basic architecture; and) ¢the Ciona genome: for instance many tetraspanins and
core of the MHC-linked Tapasin and its paralogs and CD36. Some of the TM4 turned out to be on a
to a certain extent the MHC-linked butyrophilin. The Cionasegment (grail 149) that contains several human
two Ciona genes differ markedly at the level of the homologues that all map to the human region 11p 15,
first constant domain. In gene 39 the C domain is which we had not pointed out so far in this article.
more like a C1 domain than that in the gene 34. However, what looked like the pseudogene of a nectin-
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Fig. 3. Nectins fronCionafrom grail 34 and 39. Amino acid sequence deduftech the genomic sequence and secondary structasiqiion. The underlined residues represent

the V frame fingerprint residues. The figures 0, 1, 2 correspond to the poditibe splicing sites and the number indicates the splicing law. For tt@nsary structure prediction

C = coil, E = strand, H= helix, ABCC' DEFG= Igsf strands, Phospk phosphorylation site. The nectin 34 hasexond C domain that is not typical.
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Fig. 4. The JAM/CTX family inCionaand human. Exon intron organization and chromosomal localization of JAM and CTX in human. Data
assembled from the ucsc senvetp://www.genome.ucsc.edir April 2003. For the CTX architecture, see Chrétien ef®h]. The cystein
residues of the constant region are labeteghd a corresponding bar has been drawn in the C exons. The figures 0, 1, 2 indicate the type of
splicing. TheCionaJAM is that fromFig. 2

tapasin related gene, namely a single V-C1 segment They are not ubiquitously expressed and seem to
for which no est has been found; its C1-like domain play an important role in the nervous system. These
always lined up best with cold-blooded vertebrates molecules function as adhesion molecules in tight
class | and Il genes locategérlier exactly in this area  junctions where for instare nectin and JAM interact
i.e., between Tollip and RAG ([1L9]. with each other{12]. Indeed, there might be good
reasons for keeping the JAM/CTX and nectin family
together (adaptive clustering) on the chromosome.
4. Expression functions and properties of the One wonders, of course, what they would do on single
JAM, CTX, and nectin molecules cells of the hematopoietic system where they have also
been identified. There are no functional data on their
The relevance of this finding to the origin of the rolesin this lineage.
lymphocyte antigen receptor is further suggested by ~ No commitment to immunity has been found ex-
the fact that some of these genes can be expressed ogept perhaps for CTX and CHT1 in non-mammalian
lymphocyte surface such as CTX, and CHT1, or on vertebrates, where they are expressed at very specific
monocytes and other hematopoietic cells such as thestage of thymocyte developmédf#,20,21]
nectin family members: CD111 and CD112 for two The link of these molecules with the adaptive
nectins and CD155 for the poliovirus receptor. immune system might be their propensity to act as
Another feature that could put these molecules on virus receptors. Nectins and PVR are known to allow
the evolutionary track toward TCR is the function that endocytosis of different viruses via an interaction with
the nectin and JAM/CTX families assume in modern their V domain. Mutations affecting those interactions
vertebrates. | mean, not necessarily, so much their have been localized to the equivalent of framework
function but theimpropertiescould be a telltale sign. 2 and CDR2. The Coxsackie’s virus receptor is a
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Fig. 5. Linkage of Nectin-JAM-CTX on four human @mosomal regions. Data compiled from ud¢stp://www.genome.ucsc.edil March

2003. The precise positions may not fit with newer releases but the relative positions of the genes are respected. The scale is in megabases. T
CTX-L3 sequence was not originally recognized as a CTX family nendbspite its gene architecture. Accession number Igsf11l, NM_152538.
CTXhumx was identified earlief7], accession number BC043216. MHCp indicates that tagion is paralogous to the MHC region on
chromosome 6p21 (review [B84]). There are other PVR-L, PVR and nectin or nectin-like genes on chromosome 1913 and 3p12.

homologue of CTX. But this feature is not precisely an made a diversifiable set of receptors recognizing the
immune property. However, a paper by Barton in Cell virus.

[22] a few months ago showed that JAM was also a  The question of dimerization is not resolved for
virus receptor and that thateraction of the virus with ~ the immediate ancestor of the specific receptor, nor
the V domain of the receptor could lead, whether the is the mode of binding resolved. Still, JAM can form
binding involve or not the sugar moiety, to apoptosis dimers(25] as well as CTX26], and as well as CARs

via the NFxB pathway. Apoptosis can be considered and necting27]. If this molecule resembles a TCR
as a local, presystemic, innate response. It was the &ncestor does it recognize a peptide-MHC-like ligand

sacrifice of one cell before the virus can replicate. As asef TCR does, or does it recognize a native epitope

s .
further proof that apoptosis is detrimental to the virus asys TCR does? The homologies of .CTX v ar_1d
: . of related members place the V domain in the line

and that it could be therefore considered as a defense . .
mechanism. the virus often inhibits these apoptotic to TCR V delta[12]. It is therefore conceivable that

h ! 2’3 P Vi l:j d th iNMibI ; dp P hl the prochordate molecule related to the ancestor of a
pat ways[23]. rovide that Viruses existed at the primitive TCR molecule used a mode of recognition
time of the genesis of the adaptive immune system |

: : resembling that of antibody and that persisted in the
would therefore not be surprised if that property was moderny s receptors.

co-opted early in the build up of the adgptive im.mune Was theCiona or rather theCionalike genome
system as already proposg2#]. It provides a link  of the true ancestor ready to accept Rag in one or

with the innate system with the conserved signaling the other of the above mention related genes? Has
cascades and with the structural requirements. From Ciona some of the other elements like MHC and

an adhesion molecule recognized by a virus, the ‘pre lymphocytic’ — coelomocytes that could indicate
introduction of somatic rearrangement might have what was there 400 million years ago in its related
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species that finally made the somatic rearrangement. TCR gene because of grouping in some phylogenetic
A recent survey of th€iona genome shows regions trees[7]. Its name is CRTAM in human for ‘class-I
with conserved synteny of the class Ill MHC region MHC-restricted T cell associated molecu[82] and

but no inducible proteasom§28]. This matches well CTADS in Gallus for ‘chicken thymocyte activation
the complementary finding on the cephalochordate and developmental proteif33]. Itis a T cell-specific
Amphioxux by Abi Rached and Pontarof9]. For molecule in those two vertebrate species, and perhaps
the lymphocyte arsenal, quite a few markers have beenno surprise, it belongs to the same human linkage
identified in Ciona [28]. Ciona with its complement ~ group on chromosome 11q 23-25.

system and its arsenal of innate immunity cascades

was well defended and we can imagine the related i

genome of our ancestor was somehow similar, with 8- €onclusion

its VC1 domain, coelomocytes and proto-MHC region . _ )

not yet invaded by RAG1 and 2 and in its absence ! Would like to propose the hypothesis that a unique
of course, choosing other solutions such as VCBP Set Of Igsf genes now belonging to a single vertebrate
multiplicity and the complment components, the lInkage group (human 3q13 and its paralogs) has been
Toll-like receptors and prolbdy other mechanisms. instrumental for the genesis of the adaptive immune

Some of those such as VCBP would be abandoned in SYstem specific receptors. Since round of duplications
later species using somatic rearrangement. are likely to have occurred between the urochordate

stage and the early vertebrate std84] and since

some duplication of these genes could occur by other
5 What about earlier Protostomes? mechanism (there arerahdy 2 nectins in Ciona)

it is conceivable that one of the duplicates could

So far we have spent time trying to put ourselves have served as a target for experimenting somatic
in the tunique of a sea squirt looking forward in the féarrangement. The homology of the V of these
most obnoxious finalistic attitude towards the adaptive families with TCR 'V delta would fit with the idea

immune system. What about the past and the origin of that this primitive receptor recognized native antigen
the VC1 lineage? and not peptide in a class | or class Il molecule.

In other words, when looking further back in evo- 1he timming toward a V-C-TM-Cy architecture is
lution, can one trace this VC1 lineage in protostomes? N0t seen in this early chordate. The sequestration
Nectins V-C-C-TM-CY as such are not found in ©f expression to lymphocyte-like cells has not been
Drosophilabut a molecule carrying a V-C-hydrophilic ~ Investigated yet. Perhaps work in the amphioxus and
segment-TM-Cy, where the V-C part shows homology " Jawles_s fish will lead to dlscover_y of molecules
to nectin (that could be the equivalent of this suppos- 'Ntérmediary between the one described here and the
edly wandering VC1 core) can be founddmosophila ~ ['U€ antigen specific receptor.
Beat genef30] (V-C?-hydrophilic insertion-TM-Cy).
Indeed the databases present the first domain as a VAcknowIedgements
fold and the C domain lines up reasonably well with
nectin first C doma_in (gatabage qnnotation takes 'the | thank Professor M.F. Flajnik for reading the
troubl_e of pronouncing it alnectm-hke fragment). Thls manuscript and for making suggestions.
Beat is part of a large family of at least 14 V carrying
domain known for along time (another example of ex-
pansion of V families in invertebrat¢31]) and with References
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