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Abstract Echinoderms share common ancestry with
the chordates within the deuterostome clade. Molecu-
lar features that are shared between their immune sys-
tems and that of mammals thus illuminate the basal ge-
netic framework on which these immune systems have
been constructed during evolution. The immune effec-
tor cells of sea urchins are the coelomocytes, whose pri-
mary function is protection against invasive marine pa-
thogens; here we identify six genes expressed in coelo-
mocytes, homologues of which are also expressed in
cells of the mammalian immune system. Three coelo-
mocyte genes reported here encode transcription fac-
tors. These are an NFKB homologue (SpNFKB); a
GATA-2/3 homologue (SpGATACc); and a runt domain
factor (SpRunt-1). All three of these coelomocyte genes
respond sharply to bacterial challenge: SpNFKB and
SpRunt-1 genes are rapidly up-regulated, while tran-
scripts of SpGATACc factor disappear within hours of
injection of bacteria. Sham injection also activates
SpNFKB and SpRunt, though with slower kinetics, but
does not affect SpGATACc levels. Another gene, SpHS,
encodes a protein related to the signal transduction in-
termediate HS1 of lymphoid cells. Two other newly dis-
covered genes, SpSRCRI and SpSRCRS, encode pro-
teins featuring SRCR repeats. These genes are mem-
bers of a complex family of SRCR genes all expressed
specifically in coelomocytes. The SRCR repeats most
closely resemble those of mammalian macrophage
scavenger receptors. Remarkably, each individual sea
urchin expresses a specific pattern of SRCR genes. Our
results imply some shared immune functions and more
generally, a shared regulatory architecture which un-
derlies immune system gene expression in all deuteros-
tomes. We conclude that the vertebrate immune system
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has evolved by inserting new genes into old gene regul-
atory networks dedicated to immunity.
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Introduction

The immune system of sea urchins functions in many
ways in a manner similar to the non-adaptive or innate
immune system of mammals (Smith and Davidson
1992, 1994; Smith et al. 1996). Sea urchins are echinod-
erms, and virtually all modern molecular phylogenies
place the echinoderms together with vertebrate and in-
vertebrate chordates, and the hemichordates (a form of
marine worm with gill slits and a dorsal neural tube) in
a monophyletic clade within the animal kingdom, the
deuterostomes (see Fig.1). Deuterostome monophyly
means that these phyla have a common ancestory and a
common genetic heritage, and therefore share charact-
ers not present in other animal groups, for example ar-
thropods or molluscs. It follows that if elements of ge-
netic architecture can be identified which are utilized in
both sea urchin and mammalian immune systems, this
may reveal the nature of the basal genetic apparatus
from which all deuterostome immune systems
evolved.

The immune effector cells of sea urchins are the
coelomocytes, free-wandering cells which populate the
coelomic cavity. In Strongylocentrotus purpuratus there
are 1-5x10° coelomocytes per ml of coelomic fluid,
about two-thirds of which are phagocytic (Smith and
Davidson 1992; Smith et al. 1995). Other types of coelo-
mocytes are vibratile cells, and colorless and red sphe-
rule cells. Experimental observations demonstrate that
coelomocytes carry out many different functions: these
include formation of cellular clots, chemotactic accu-
mulation at sites of injury, and allograft rejection; coel-
omocytes also clear bacteria and other foreign sub-
stances from the coelomic cavity with great effective-
ness. Among injected microorganisms and substances
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Fig. 1 A very simplified metazoan phylogeny, based on molecu-
lar phylogenies of TRNA and Hox genes. For references see
Aguinaldo and co-workers (1997); Balavoine and Adoutte (1998);
Balavoine (1997); Wada and Satoh (1994). Ecdysozoans (Agui-
naldo et al. 1997) plus lophotrochozoans (Halanych 1995) equal
the traditional protostomes, but the association of these groups
within a monophyletic protostome clade does not at present ap-
pear to be supported as strongly as are all other features shown in
this diagram

which coelomocytes have been reported to phagocytose
or otherwise dispose of are bacteriophage, bacteria,
yeast, mammalian red blood cells, carmine and carbon
particles, and sephadex and latex beads (reviewed by
Smith and Davidson 1994).

Coelomocytes respond sharply to injection of LPS,
as well as of bacteria (Smith et al. 1995). A molecular
response, identified earlier, is the enhanced transcrip-
tion of profilin, a gene encoding a mediator of changes
in cytoskeletal form (Smith et al. 1992, 1995). Coelomo-
cytes also produce at least two proteins of the comple-
ment system, one homologous to Factor B (Smith et al.
1998) and the other a component which seems unambi-
guously a homologue of the vertebrate C3/C4/C5
complement proteins (Smith et al. 1996; Al-Sharif et al.
1998). Most importantly, sea urchin coelomocytes con-
stitute an extremely effective immune system. Sea ur-
chins obviously require such, for they are long lived an-
imals that inhabit environments which sometimes bear
heavy concentrations of fungal and bacterial pathogens.
Though the maximum life span of S. purpuratus, the
species we work with, is not known, we have main-
tained large numbers of these animals for many years
in our long-term culture system (Leahy et al. 1978). In
this context we have often observed their remarkable
abilities to recover from severe and apparently global
infections, as well as from infected wounds.

Here we report six different genes that are ex-
pressed specifically in coelomocytes of S. purpuratus.
Each is homologous with a gene or genes also utilized
in the immune systems of mammals, and each illumi-
nates not only the functional character of the sea urchin
immune system per se, but also the evolutionary basis
of our own. Three of these genes encode transcription
factors. We show that these genes constitute part of the
bacterial response system of the coelomocytes. An-
other coelomocyte gene encodes a protein homologous
with signal transduction intermediates of mammalian B
and T cells, and two others encode proteins of the mac-

rophage scavenger receptor family. The coelomocytes
of each individual sea urchin express a different set of
genes belonging to this family, so that each animal
would appear to be generating a specific set of putative
immune effector molecules.

Materials and methods

Sea urchins

Live specimens of S. purpuratus were maintained in the Sea Ur-
chin Maintenance System (Leahy et al. 1978) at the Caltech
Kerckhoff Marine Laboratory (Corona del Mar, Calif.).

Recombinant cDNA Libraries

Coelomocyte cDNA libraries representing coelomocyte mRNAs
24 h after bacterial challenge, and also resting coelomocytes, were
constructed in the phage cloning vector Lambda ZAP Express
(Stratagene, La Jolla, Calif.) according to the manufacturer’s in-
structions. A plasmid bacterial challenged coelomocyte library
built in pBK-CMV was also constructed and arrayed in 384-well
plates using a Genetix Q-Bot robot. The colonies were printed in
a high density 4x4 format, 18432 colonies/22x22 cm filter
(Maier et al. 1994).

Bacterial challenge

Bacteria from the epidermis of adult S. purpuratus were isolated
on Marine plates (Difco 2116). Four such bacterial colonies were
grown individually in Marine Broth. For library construction lo-
garithmic phase cultures were rinsed in 0.22 pm (Schleicher &
Schuell, Keene, N.H.) filtered sea water (FSW), combined each at
ODgop=0.1 in filtered sea water and immersed in boiling water
for 5 min. One milliliter per animal of the heat-killed bacteria was
injected into the coelomic cavity, and coelomocytes were col-
lected for RNA extraction 24 h thereafter. For bacterial induction
live bacteria were combined at ODgy,=0.5 as above, injected al-
ive, and coelomocytes were collected 6, 12, 18 and 24 h thereafter.
Sham-injected animals were challenged with 1 ml FSW.

PCR cloning

Standard polymerase chain reaction (PCR) reaction mixtures of
50 pl included 10 pmoles of each primer, 200 uM of each nucleo-
tide, buffer, and 2.5 units of AmpliTaq (Perkin Elmer). PCR am-
plifications were run on a GeneAmp 9600 thermal cycler (Perkin
Elmer). Amplification products were purified through a Qiaquick
Spin column (Qiagen, Chatsworth, Calif.), cloned into pGEM-T
(Promega, Madison, Wis.) and sequenced.

RNA gel blot hybridizations

RNA was extracted from freshly collected coelomocytes, or from
liquid nitrogen-pulverized sea urchin tissues, with RNAzol B
(Leedo Medical Laboratories, Houston, Tex.). Analysis of tran-
scription was performed in the following tissues and cells of the
sea urchin: eggs, 9 h embryos, 15 h embryos, 23 h embryos, 48 h
embryos, 72 h embryos, ¢ and Q gonads, gut, lantern muscle,
and coelomocytes. Ten micrograms of total RNA was electro-
phoresed through a 1% formaldehyde/agarose gel and blotted
onto Nytran membrane, following the instructions of the manu-
facturer (Schleicher & Schuell). Hybridization to **P-labeled
probes was at 65 °C overnight in: 0.25 M NaH,PO, (pH 7.2), 1 mm
ethylenediaminetetraacetate (EDTA), 5% sodium dodecyl sul-



fate (SDS), and 0.5% bovine serum albumin. Washes were done
at 65°C as follows: twice in 0.125M NaH,PO, (pH 7.2), 2.5%
SDS, 0.05mm EDTA, and then twice in 0.025 M NaH,PO,
(pH7.2), 0.5% SDS, 0.0l mm EDTA. Films were exposed for
1-7 days at —-80 °C with an intensifying screen.

Sequence analysis

Cycle sequencing was performed with the ABI Prism Dye Termi-
nator kit and a fluorescence DNA sequencer (ABI PRISM 373).
Analysis of sequence composition, structure, and features was
performed by the computer program DNASIS for Windows (Hi-
tachi). Database searches and sequence retrieval were via the In-
ternet servers at the European Bioinformatics Institute (BLITZ,
FASTA): www.ebi.ac.uk, and the National Institutes of Health
(BLAST): www.ncbi.nlm.nih.gov. Multiple alignment was per-
formed with CLUSTAL W version 1.7 (Thompson et al. 1994),
and the graphic presentation was composed with GeneDoc (Ni-
cholas 1997). Minimum evolution phylogenetic trees were gener-
ated by the method of Rhetsky and Nei (1994) using the ME-
TREE program.

Cloning SpGATA-2/3

S. purpuratus GATA transcription factor sequences were initially
isolated using a degenerate primer-PCR strategy that targeted
conserved regions within the GATA Zn fingers. The primer se-
quences used in this analysis are as follows: 5’ Gatal,
CAGCGGCCGCTGYGTNAAYTG; Gata2, CAGCGGCCG-
CACNGG NCAYTA; Gata-YHKMN, CAGCGGCCGCTAY-
CAYAARATGA; and 3’ Gata3, CAGTCGACRTANGCRTTR-
CA; Gata-CANCG, CAGTCGACCRTANGCR TTRTA [Y=C/
T, R=A/G]. PCR was performed for 30 cycles at 94 °C for 1 min;
40°C for 1 min; 72 °C for 1 min. A mixture of random primed and
poly-T primed first-strand cDNA synthesized from polyA * RNA
was used as template. The product resulting from the reverse
transcription of 10 ng of mRNA by both methods was combined
and employed in each 50 pl PCR. Both coelomocyte and 15 h em-
bryo RNA was used as template. Bands of expected size were
excised from the gel and eluted in 100 pl dH,O. A second PCR
was then performed using 1 pl of eluted template and the original
primers. When possible nested or hemi-nested primer sets were
also used. After separating on an agarose gel, bands of expected
size were electroeluted and cloned into Sal I/Not I-restriction di-
gested pBSII KS* and sequenced.

After confirmation of sequence, PCR fragments were random
labeled and used to screen both arrayed plasmid cDNA libraries
(15 h embryo, 20 h embryo, and unchallenged coelomocyte; 92160
clones each), AZAP 48 h embryo library (1x10°pfu) and the
lambda ZAP Express coelomocyte library (4 x 10° pfu).

Cloning of SpNFKB

Degenerate PCR primers were used for PCR amplification from
the ZAP Express bacteria-challenged coelomocyte cDNA library.
Primer Rel.R4 [5'-TCCTTYTGIACCTTRTCRCA, (I=inosine),
corresponds to the peptide CDKVQK, aa?273-278 in human
SpNF«B P105 (P19838)]. This was used first as a single primer for
5 cycles (20 pmoles Rel.R4; 94 °C for 3 min; 94°C for 30's, 40°C
for 2 min, 72°C for 3 min; 1 pl of the cDNA library — approxi-
mately 10° pfu), then the ZAP Express 5’-end vector-specific
primer BK was added (10 pmoles). Amplification was continued
for 30 additional cycles (94 °C for 1 min; 94°C for 30's, 55°C for
2 min, 72 °C for 3 min). The purified products were then reamplif-
ied with Rel.LR4 and RelF2 [5'-TTYMGITAYGARTGY-
GARGG (M =A/C)], corresponding to the peptide FRYECE, aa
62-68 in D. melanogaster Dorsal protein (A30350), 10 pmole each
for 30 cycles, using the following parameters: 94°C for 1 min;
94°C for 30's, 55°C for 1 min, 72°C for 1 min. The expected 0.6
kilobase (kb) band was picked from the gel, reamplified, and
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cloned in pGEM-T [SpRel4:635 base pairs (bp), 211 aa; aligns
with SpNFKB at nt 619-1255]. The degenerate PCR-insert
SpRel4 (excised from pGEM-T by digest with Spe I and Sph I)
was used to screen the cDNA library for full-length clones. Six
positive phage clones were excised in vivo and sequenced; the
lengths of these inserts were 4.5 and 6.5 kb. The short and long
clones all had the same coding region, but the shorter ones had
no polyadenylation consensus site. The 6.5 kb clone included a
long 3’ trailer sequence possessing a polyadenylation consensus
site.

Cloning of coelomocyte SpHS

While attempting to clone sea urchin homologues of vertebrate
colony-stimulating factor receptors by degenerate PCR, we ob-
served that one cloned product recovered in pGEM-T, 541 bp in
length, instead revealed similarity predominately to the verte-
brate Src substrate Cortactin (SRC8) and the hematopoietic cell-
specific Lyn substrate 1 (HS1). This insert (nt 904-1444 in SpHS)
was used to probe the coelomocyte cDNA library. Five positive
clones ranging from 3.5-4.5 kb were sequenced, two of them rep-
resenting the complete cDNA.

Cloning of SpSRCRI and SpSRCR5

Degenerate PCR primers were designed based upon invertebrate
and vertebrate SRCR sequences, and used to amplify single
SRCR domains from sea urchin coelomocyte first-strand cDNA.
Products of amplification were obtained with the degenerate
primers (SRCR.F1:5'-TGGGGIACIRTNTGYGA;
SRCR.R2:5'-CAIACIACNCCNGCRTC) were cloned in
pGEM-T (237 bp). Of six sequenced clones only two were identi-
cal. Equal amounts of PCR-amplified products from five of the
unique PCR clones were used to screen coelomocyte cDNA li-
braries. We recovered a number of different types of SRCR
genes, of which we report here only two, termed SpSRCRI and
SpSRCRY5. Six positive SpSRCRS clones were recovered from the
arrayed libraries, of which the largest was 3.8 kb. This clone was
sequenced. Of the approximately 3.8 kb cDNA we sequenced
2306 bp, including an open reading frame of 1583 bp. To clone
the 5’ end of SpSRCRI, PCR-amplification was performed from
the cDNA library: Thus an SpSRCR-1 cDNA clone 5675 bp long
was extended in the 5’ direction as above, by PCR amplification
from the cDNA library using a primer VWF.R1 5’-
CGGTCTCCGCCATCTTGATC [positions 485-505 in the
SpSRCRI sequence (114-133 in the cDNA clone)], and the Zap
Express specific BK primer, followed by primer SR17.R1 5’-
AAGCACCCAGCACGACAGA [positions 445-462 in the
SpSCRCI sequence (73-91 in the cDNA clone)] and the T3 prim-
er. The combined sequence is 6074 bp in length.

Results
Experimental approach

To activate coelomocytes, sea urchins were injected
with mixtures of four different isolates of bacteria that
had been cultured from their external surfaces. The
bacteria were pooled at an ODygq of 0.5, and 1 ml of the
mixture was injected per animal (see Experimental Pro-
cedures for details). cDNA libraries were constructed
from coelomocytes activated by injection of 0.1 ODgg
of the same mixture of bacteria which had been killed
by a brief exposure to 100°C, and from resting coelo-
mocytes. Most of the clones considered below were ini-
tially identified by use of probes generated by means of
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degenerate PCR, using conserved features of the re-
spective mRNAs for primer design (see Experimental
Procedures).

A coelomocyte GATA-2/3

Vertebrate genomes contain six genes encoding Zn fin-
ger transcription factors of the GATA family (for re-
view see Weiss and Orkin 1995). The GATA-4, -5, and
-6 genes are expressed during endodermal and cardiac
development. The GATA-1, -2, and -3 genes consti-
tute a subclass, all members of which are utilized for
various aspects of hematopoiesis. Thus, GATA-I is es-
sential for erythroid differentiation, and GATA-2 is re-
quired for normal development of all hematopoietic li-
neages (Weiss and Orkin 1995). GATA-3 is specifically
required for T-cell development (Ting et al. 1996).
GATA target sites occur widely in the cis-regulatory el-
ements of erythroid-specific genes (Evans and Felsen-
feld 1989; Tsai et al. 1989); in the cis-regulatory ele-
ments of several lymphoid genes, including the TCRA,
TCRB, TCRD, and CD8A genes of T cells (reviewed in
Arnone and Davidson 1997; Weiss and Orkin 1995), as
well as in various mast cell and megakaryocyte genes
(Weiss and Orkin 1995).

PCR fragments representing GATA mRNAs were
amplified in reactions of degenerate primers (see Ex-
perimental Procedures) with 15 h (late cleavage stage)
sea urchin embryo and coelomocyte cDNAs, and two
different classes of GATA cDNA clones were thereu-
pon isolated from cDNA libraries. SpGATAe clones
encode a factor apparently utilized in embryogenesis,
as these clones were found in 15 h, 20 h (blastula), and
48 h (late gastrula) embryo cDNA libraries, but not in
any of the coelomocyte libraries. Clones representing a
coelomocyte GATA factor, which we have termed
SpGATAc, were found in both coelomocyte and 48 h
embryo libraries. The sequence of the 431 amino acid
protein encoded by SpGATAc cDNA is shown in
Fig. 2A. When searched against GenBank using
BLAST, highest matches for the SpGATAc amino acid
sequence are confined to vertebrate GATA-2 and -3
and the related Drosophila sequence, dGATAc (Lin et
al. 1995; this Drosophila gene is expressed in many re-
gions of the developing embryo, and mutations in it are
embryonic lethals, but its specific functions are un-
known). Matches between SpGATAc and the other
members of the family are mainly restricted to the Zn
finger and the flanking basic region. The similarity of
SpGATACc to vertebrate GATA-2 and -3 sequences is
corroborated in the phylogenetic analysis shown in
Fig. 2B. Here it can be seen that, in contrast, SpGATAe
falls within a group of GATA sequences that also in-
cludes those of the vertebrate GATA-4, -5, and -6 fac-
tors; the Drosophila pannier sequence (this gene is uti-
lized in neurogenesis as well as for other developmen-
tal functions; Ramain et al. 1993). The Drosophila ser-
pent sequence also falls into the GATA-4, -5, and -6

MKFLAGVASSQVCRPHFHTPTFQWLDSGKSLHGVQGSGAWCGGPFGSSAPHPGPTSSYTLPASTPI 66

QPSSHGHPGTVPSAATHQGNAAAAAAAHYFSFPPTPPKDNTPDNIITPVSLHTANTDYGSELKNGT 132

SSTSGKHIHCNTSNSVSSLASTSAMSSSVLDSAYSQAPHHVPAAYASFMSELPNSALNFHHPGVMG 198

>
N'RGLAPAPKP@TTE GRE | CVNCGATSTPLWRRDGNGHYLCNAC | GLYHKMNGONRPLIKPK 262

<
RRLSAKRTGTS [ CANCQATATTLWRRNPNGDPVCNAC | GLYYKLHGVNRPLTMKKEGIQTRNRKLS 326

SKSKKNKGKLGVDGLRALSPEDMHRFATFSDQAFGAARHYPHHHS SAMDYGMTTASAYASHGPSVTY 392

PTSGICNSLYPGTTSHHHVPVPCSLSLSSPATNMVGALA* 431

Gd GATA2

B 43

XI GATA2
Mm GATA2

Gd GATA3
Mm GATA3
XI GATA3

Sp GATAc
99 Dm GATAc
XI GATAlLa
—Q;I_—‘ Mm GATA1L
60 Gd GATA1
41 Sp GATAe
_' Drm PANNIER
99 | Gd GATA4

Tl Mm GATA4

86 Gd GATA6
71 9% I_E];n GATAG6
J S XI GATAG6
57 Mm GATAS

Gd GATAS

X! GATASa

Fig. 2A,B Sequence and relationship of SpGATAc (GenBank
accession No. AF077674). A Protein sequence inferred from
DNA sequence of SpGATAc cDNA clones. Zinc finger regions
are boxed. A basic region unique to the vertebrate GATA2/3 sub-
group is shown in reverse type. This sequence mediates recogni-
tion of a particular target site sequence by the N-terminal Zn fin-
ger (see text). The probe used for northern blotting corresponds
to the region underlined. The region that was used in the phylo-
genetic analysis shown in B is designated by arrows. B Minimum
evolution tree (Rzhetsky and Nei 1994) for Drosophila and deu-
terostome GATA transcription factor sequences that contain two
Zn fingers. SpGATAe (AF077675); MmGATA1l (X15763);
MmGATA2 (AB000096); MmGATA3 (X55123); MmGATA4
(M98339); MmGATAS (U84725); MmGATAG6 (S82462); GAGA-
TA1 (M26209); GAGATA2 (X56930); GAGATA3 (X56931);
GdGATA4 (U11887); GdGATAS (U11888); GdGATAG6
(U11889); XIGATAla (M76566); XIGATA2 (M76564); XIGA-
TA3 (M76565), XIGATAS A (L13701); XIGATAG6 (Y08865);
DmGATAc (D50542); DmPANNIER (S68698). Distances are
calculated as a proportion of amino acid differences. Positions
containing gaps were excluded from all pairwise distance esti-
mates. Two statistically similar minimum evolution trees were
found, both of which are identical with respect to the placement
of the sea urchin GATA genes. Numbers on the left of the figure
indicate the probability that the branch defining the cluster is
greater than 0 in length. Species designations are: Mm, mouse;
Gd, chicken; X/, Xenopus laevis; Dm, Drosophila melanogaster,
Sp, Strongylocentrotus purpuratus. Scale bar indicates amino acid
substitutions per site



class (this gene was excluded from this phylogenetic
analysis because it bears only one Zn finger). Droso-
phila serpent is required for gut, fat body, and hemo-
cyte development (Rehorn et al. 1996). A key feature
linking SpGATAc to vertebrate GATA-2 and -3 lies in
the basic region which flanks the N-terminal Zn finger
(see Fig. 2A). This region specifies recognition of cis-
regulatory target sites which include the sequence
AGATCT, an exclusive feature of the vertebrate
GATA-2 and -3 proteins (Pedone et al. 1997). The C-
terminal Zn finger in all GATA factors is thought to
mediate binding to the classic consensus target se-
quence for GATA factors, WGATAR.

In summary, we discovered two S. purpuratus
GATA transcription factors. One of these, SpGATAe,
is expressed in the embryo but not in coelomocytes,
and this sequence exhibits sequence affinity with a ca-
nonical and perhaps pan-metazoan subclass of GATA
regulators of gut and cardiac development (Fig.2B).
The other, SpGATACc, is expressed in coelomocytes (as
well as late embryos) and its sequence falls within the
subfamily of GATA sequences which in vertebrates
serve as essential regulators of hematopoietic gene ex-
pression, in erythroid, myeloid, and lymphoid Ili-
neages.

An S. purpuratus NFKB homologue expressed in
coelomocytes

NFKB/Rel transcription factors regulate immune func-
tions and developmental processes in both insects and
vertebrates (Baldwin 1996; Ghosh et al. 1998; Hoffman
et al. 1996; Ip et al. 1993; Kanegae et al. 1998). Like the
role of GATA factors in endoderm specification, the
role of NFKB/Rel factors in promoting transcription of
protective proteins in response to immune challenge
may be a function that is universal in bilaterian organ-
isms (though there is no evidence from any lophotro-
chozoan; see Fig. 1). In vertebrates, NFKB/Rel factors
regulate transcription of inflammatory acute phase re-
sponse genes that are expressed in the liver following
bacterial or viral infection, and also mediate expression
of cytokine genes in macrophages, and of other myel-
oid-specific genes. They also serve as key regulators of
gene expression in the adaptive immune system. Thus
they are required for transcription of both immunoglo-
bulin light chain genes and TCR genes, as well as of
other genes such as those encoding T-cell cytokines
(Baldwin 1996; Ghosh et al. 1998; Verma et al. 1995).
Factors of this class provide a canonical example of im-
mediate-early response mechanisms by which the ge-
netic apparatus responds to change in environmental
circumstances.

All members of the NFKB/Rel family possess a 300
residue amino-terminal Rel homology domain that in-
cludes the DNA-binding and dimerization elements of
the protein and the nuclear localization site. Based on
conserved features of this domain that have been found
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in both insect and vertebrate sequences, degenerate
PCR primers were constructed, and a Rel domain se-
quence of 635 bp was amplified from a cDNA library
made from coelomocytes extracted after bacterial chal-
lenge. The PCR fragment was used to screen the cDNA
library and a 4552 bp long sea urchin NFKB cDNA
(termed SpNFKB) was isolated. This clone has a
3375 bp open reading frame encoding an 1125 amino
acid polypeptide, with a predicted MW of 124000 M,.
The sequence is compared with those of human NFKB
P105 (Ghosh et al. 1990) and Drosophila Relish (Du-
shay et al. 1996) in the multiple alignment shown in
Fig. 3A. The S. purpuratus sequence shares with these a
well-conserved Rel homology domain, the nuclear lo-
calization site, a glycine-rich domain possibly required
for protein processing (Ghosh et al. 1990), a C-terminal
region featuring six ankyrin repeats, and a PEST do-
main (Verma et al. 1995). SpNFKB also includes a glu-
tamine-rich domain similar to that found in Drosophila
dorsal protein.

A minimum evolution phylogenetic tree that com-
pares the Rel domains of both arthropod and verte-
brate factors is shown in Fig. 3B. The deuterostome
(i.e., sea urchin and vertebrate) sequences cluster to-
gether in this tree. Structurally the Relish sequence is
more closely related to P105 and SpNFKB outside of
the Rel domain, i.e., in the ankyrin repeat domain that
it shares with these proteins, as shown in Fig. 3A. With-
in the deuterostome cluster the analysis shows that
SpNFKB shares a common ancestor with, i.e., is homo-
logous with, the amniote P105 and P65 transcription
factors.

RNA gel blot data (not shown) indicate qualitatively
that SpNFKB is expressed strongly in coelomocytes,
but at a level below detection or not at all, in gut,
testes, ovary, and lantern muscle. Transcripts appear in
20 h embryo mRNA, though not earlier, but disappear
later in embryogenesis.

SpRunt-1 in coelomocytes

Runt domain transcription factors also perform numer-
ous functions in the mammalian immune system (for
reviews see Kagoshima et al. 1993; Tenen et al. 1997).
These factors consist of an « subunit that contains the
runt DNA binding domain complexed with a non-
DNA-binding B subunit. Mammalian runt domain pro-
teins include human factors AML-1, AML-2, and
AML-3, and their mouse counterparts PEBP2aB,
CBFA3, and PEBP2aA. These proteins regulate tran-
scription of differentiation products in both lymphoid
and myeloid cells. For example, their target sites occur
in the cis-regulatory regions of genes such as those en-
coding granzyme B in cytotoxic T cells (Wargnier et al.
1995), myeloperoxidase in immature myeloid cells (Bri-
tos-Bray et al. 1997), the macrophage CSF receptor
(Zhang et al. 1996), and granulocyte-macrophage-colo-
ny stimulating factor in T cells (Cockerill et al. 1996).
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Fig 3A,B Relationship of
SpNFKB (AF064258) se-
quence with other Rel domain
sequences. A Multiple align-
ment of SpNFKB, with human
nuclear factor P105 (HsPI105,
P19838) and Drosophila Re-
lish (DmRelish, gi:1621609).
Residues that are identical in
all three proteins are shown in
inverted type, and residues
identical among two of the
proteins are in gray shaded
type. Protein domains noted in
text are indicated above the
sequence of HsP105. These
are the Rel homology domain,
the nuclear localization signal
[NLS], a glycine/serine-rich
domain, a unique SpNFKB
glutamine-rich domain, six an-
kyrin repeats, and the PEST
domain. B Minimum evolution
tree relating Rel domains of
SpNFKB with those of mouse
P105 (MmP105, A35697), hu-
man P105 (HsP105), chicken
P65 (GdP65, P98152), Droso-
phila Relish (DmRelish),
Drosophila Dif (Dorsal-Re-
lated Immunity Factor)
(DmDif, P98149), Drosophila
embryonic polarity Dorsal
protein (DmDorsal, A30350),
and mosquito (Ano-

pheles gambiae) Ifl (immune
factor 1) (Aglfl, X95912). Dis-
tances were calculated as pro-
portion of difference. A single
shortest tree was obtained.
Scale bar indicates amino acid
substitutions per site. Numbers
to the left indicate the proba-
bility that the branch defining
clusters is greater than 0 in
length
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They are also involved in the transcriptional control of
expression of TCRs (Giese et al. 1993; Leiden 1993).

An S. purpuratus runt domain transcription factor
(SpRunt-1) has been isolated (Coffman et al. 1996) as a
regulator of gene expression during embryogenesis.
When applied to a cDNA library made from resting
coelomocytes, the SpRunt-1 probe revealed several
clones, the sequences of which turned out to be identi-
cal to that of SpRunt-1. As we now show, SpRunt-1,
like SpNFKB and SpGATACc, is expressed prominently
in coelomocytes, in a way that clearly demonstrates a
function in the immune responses mounted by these
cells.

Responses of SpGATAc, SpNFKB and SpRunt-1 genes
to bacterial challenge

The level of expression of all three of the coelomocyte
regulatory genes described above change dramatically
in response to immune challenge, and this is illustrated
in Fig. 4. Groups of several S. purpuratus were either
injected with bacteria as above, or sham injected (i.e.,
with sea water), and at the indicated intervals the ani-
mals were killed and their coelomocytes were recov-
ered as completely as possible and pooled within each
group. RNA was extracted and equal amounts loaded
within each lane, as indicated by the hybridization of a
probe for the general coelomocyte marker, Sp Thymo-
sin. The control RNA shown in the first lane was ex-
tracted from coelomocytes of undisturbed animals. At
the earliest time point shown, 6 h postinjection, tran-
scripts of both SpNFKB and SpRunt-1 are very sharply
elevated in response to the bacteria, relative to the con-
trol. The kinetics according to which the SpRunt-1 re-
sponse decays may be slower than those of SpNFKB.
More detailed kinetic experiments (to be presented
elsewhere) show that the SpNFKB response actually
peaks within about 2 h of bacterial injection, thus dif-
fering to a greater extent from the result of sham injec-
tion than is evident in Fig. 4. The sham injection re-
sponse is much slower for both mRNAs, and is clearly
less intense as well for SpRunt-1, compared with the re-
sponse on injection of bacteria. We do not yet know
whether the sham injection response is due to the inad-
vertent introduction of a few surface bacteria or to the
injury caused by the needle prick. Nor is it clear to what
extent injury responses, or a non-specific response to
foreign particles, accounts for the transcriptional activa-
tion seen on injection of bacteria.

Though the data in Fig. 4 are strictly qualitative,
they clearly show that whatever the actual signal(s) af-
fecting the cells, immune challenge causes a large in-
crease in SpNFKB and SpRunt-1 transcript representa-
tion per average coelomocyte. That is, the amount of
SpNFKB mRNA increases at least 10-fold within 6 h of
introduction of the bacteria and, compared with the
control, that of SpRunt-1 increases to a much greater
extent; in fact the transcript is not detectable at all in
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Fig. 4 Inductive change in coelomocyte transcription factor
mRNA levels following bacterial challenge. One ml of either sea
water alone (sham injection) or of sea water containing
ODg0p=0.5 of live bacteria consisting of a pool of four different
isolates that had been cultured from the external skin of S. purpu-
ratus were injected into the coelom of each animal, and RNA was
extracted (see Experimental Procedures). Coelomocytes from
three animals were pooled for RNA extraction for control (C)
and 24 h sham-injected samples, and from five animals for each of
the other samples. Approximately 10 pg of total RNA was loaded
in each lane of a gel, and after electrophoresis blotted to a mem-
brane filter and hybridized. The same blot was reacted in turn
with each of the four probes indicated on the left. The results
shown are completely reproducible and are representative of a
number of different experiments. Numerals indicate the positions
of size markers in kb. Thymosin mRNA serves as a loading con-
trol, as this mRNA is present at about the same relatively high
prevalence in all coelomocytes, irrespective of their state of stim-
ulation (SpThymosin AF(076515). Thymosin is an actin-binding
peptide which inhibits actin polymerization (Safer and Nachmias
1994). Probes were the PCR insert SpRel4 (see Experimental
Procedures) for SpNFKB, a 408 bp region beginning at the trans-
lation start site for SpGATA2/1, and for SpRunt-1, a 657 bp frag-
ment beginning at the start of translation and including the runt
domain (Coffman et al. 1996). Thymosin, PCR fragment from the
5’ end, bp 1-408 in SpThymosin

resting coelomocyte RNA under these conditions.
These effects are probably due to a sharp increase in
the rate of transcription of these two genes.

The effect of immune challenge on SpGATAc
mRNA levels is exactly the converse. SpGATAc mes-
sage is moderately prevalent in resting or control coelo-
mocytes, unlike SpNFKB or SpRunt-1, but when bacte-
ria are introduced it essentially disappears. By 18 h the
system has nearly recovered, and SpGATAc mRNA is
again observed. This effect is unlikely to be due to
wholesale changes in coelomocyte cell populations,
since dividing coelomocytes are rarely observed in ad-
ult animals. In contrast to SpNFKB and SpRunt-1
mRNA levels, SpGATAc mRNA levels are barely af-
fected by sham injection.

The results shown in Fig. 4 provide a very strong ar-
gument that all three of these transcription factors
serve as components of the coelomocyte immune re-
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sponse system. SpNFKB and SpRunt-1 are likely to
function as gene activators, and SpGATAc may act as a
repressor of some response genes. The removal of this
factor could constitute an element of the mechanism by
which the response is triggered at the transcriptional
level.

An S. purpuratus coelomocyte homologue of HS-1, a
mammalian lymphoid signal transduction intermediate

Figure 5 displays a multiple alignment of a sequence,
named SpHS, translated from another clone recovered
from our coelomocyte cDNA libraries. This sequence
clearly belongs to the family defined by mammalian

Fig. 5 Multiple alignment of
SpHS with amniote members

cortactin and HS-1 (LckBP-1), which are intracellular
signal transduction intermediates characterized by an
src homology (SH3) domain and a particular N-termi-
nal repeat, as indicated in Fig. 5. Both cortactin and
HS-1 participate in signal transduction downstream of
extracellular ligand-receptor interactions. HS-I me-
diates signaling from IgM B-cell antigen receptors (Ya-
manashi et al. 1993). In T cells, Lck tyrosine kinase in-
teracts specifically with a proline-rich domain of HSI,
and within 5 min of TCR stimulation, HS/ becomes ty-
rosine phosphorylated (Takemoto et al. 1995). Cortac-
tin, which is a potent F-actin (filamentous) binding pro-
tein, mediates receptor signaling in response to growth
factors, and also in response to cell adhesion mediated
by integrin, or in response to bacteria (reviewed by
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Fig. 6 Embryonic and coelomocyte expression of SpHS, and
coelomocyte-specific expression of SpSRCRS (AF076514) Gel
blot hybridizations of probes representing these cDNAs are
shown to RNA extracted from coelomocytes, gut, testes, ovary,
and lantern muscle, as well as embryos (see Experimental Proce-
dures for details). Probes were: SpSRCRS, a 459 bp Cla I/Pst 1
fragment (nt 927-1386); SpHS, a 461 bp PCR fragment corre-
sponding to nucleotides 1154-1615

Zhan et al. 1997). HS-1 is expressed in all hematopoiet-
ic stem cells as an early differentiation marker, as well
as in mature lymphoid cells (Kitamura et al. 1989). In
contrast, cortactin is expressed in many different organs
and tissues in mouse (Miglarese et al. 1994), but not in
any hematopoietic cells except megakaryocytes (Zhan
et al. 1997). We believe the sequence shown in Fig. 5 is
functionally related to HS-1 rather than to cortactin be-
cause it shares with human and mouse HS-1 a proline-
rich domain, which is entirely lacking in the cortactins
(25 amino acid identities between the sea urchin pro-
tein and mammalian HS-1, which are absent in the cor-
tactins are boxed in Fig. 5, including the perfectly con-
served motif EEPPALPP). An additional argument
that functionally relates the sea urchin protein to HS-1
rather than to the cortactins is its tissue distribution.
Figure 6 A shows that HS-I is expressed in embryos
and lantern tissues but not in gut, in addition to its
strong expression in coelomocytes. We conclude that
SpHS probably shares a common ancestor with mam-
malian HS-1, and like HS-I may function in signal
transduction processes specific to the immune re-
sponse, as well as in some other tissues.

S. purpuratus coelomocyte homologues of the
scavenger receptor cysteine-rich repeat family

Scavenger receptor cysteine-rich (SRCR) domains de-
fine a superfamily of cell-surface or secreted proteins
that presently include two invertebrate and several ver-
tebrate members (reviewed by Pancer et al. 1997; Res-
nick et al. 1994). The SRCR domain consists of a 110 aa
residue motif with a conserved spacing of either six
(“Group A” SRCRs; Resnick et al. 1994) or eight cys-
teines (“Group B” SRCRs) that are thought to form in-
tradomain disulfide bonds. SRCR domains of the sea
urchin proteins that we describe in this section are of
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the Group A type, displaying six diagnostic cysteines in
register with the canonical Group A SRCR domains
(see Fig. 7A). Furthermore, the sea urchin SRCRI1 re-
peats possess an intron within each SRCR domain (not
shown), which is a character of Group A SRCR re-
peats, while Group B SRCR repeats lack domain in-
trons (Aruffo et al. 1997). The identification of
SpSRCRI and SpSRCRS5 as Group A homologues rests
on these particular features, since in terms of overall
sequence similarity it is impossible to class the sea ur-
chin SRCR repeats in one as opposed to the other of
these groups. Mammalian Group A SRCR proteins are
expressed in myeloid cells. These proteins include a
macrophage bacteria binding receptor (MARCO; Elo-
man et al. 1995); a macrophage scavenger receptor
which binds diverse ligands including modified LDL,
bacterial endotoxins, and which functions during endo-
cytosis (MRSE; Freeman et al. 1990); the macrophage
lectin binding molecules cyclophilin-C-binding protein
(Friedman et al. 1993) and the MAC2 binding protein
(Koths et al. 1993); and Complement Factor I (Gold-
berger et al. 1987). Group A SRCR domains are evi-
dently of remote evolutionary origin; cell surface and
secreted forms were recently recovered from a marine
sponge (Pancer et al. 1997), and they are also utilized in
the sea urchin sperm receptor for the egg jelly peptide,
SPERACT (Dangott et al. 1989). In Fig. 7A SRCR do-
mains of all of these proteins are aligned with the
SRCR domains from S. purpuratus SRCR proteins that
we are reporting in this work. The sea urchin SRCR
sequences align more closely with the mammalian
myeloid SRCRs than with the sponge SRCR or the
speract receptor SRCR.

Coelomocyte SRCR cDNA clones were isolated us-
ing degenerate PCR probes. A number of different
genes encoding SRCR domains are expressed in coelo-
mocytes, and are the subject of ongoing investigations
in our laboratory. Here we report on two such genes,
encoding the proteins SpSRCR1 and SpSRCRS. A
schematic diagram of the various elements of which
these proteins are composed is shown in Fig. 7B. Ex-
cept for the SRCR domains the two proteins are dis-
similar. Both proteins begin with signal peptides. In ad-
dition, SpSRCRI1 includes four SRCR domains, a do-
main similar to an extracellular matrix protein of sea
urchins, and four von Willebrand factor domains.
SpSRCRS has two SRCR domains, following a domain
which displays no strong similarity to any other known
protein.

The RNA gel blot shown in Fig. 6B indicates that
the SpSRCRS5 genes are indeed coelomocyte-specific
genes, and the same is true of the SpSRCRI genes (not
shown). Probes for SRCRI and SRCRS5 each cross react
with additional SRCR mRNAs, some of which have
been cloned. The SRCR proteins are expressed consti-
tutively and at fairly high levels in coelomocytes wheth-
er they are resting or stimulated. However, it is striking
that coelomocytes from different individual sea urchins
express them to very different extents. Thus for exam-
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Fig. 7A,B Structure and rela-

tionships of S. purpuratus A

SRCR proteins. A Multiple al- SpSECEL-1
ignment of SRCR domains SpSRCRL-2
from SpSRCR1 and SpSRCR5  SpSECEL=3
with “Group A” myeloid SpSRCR1—
SRCR domains. Repeats 1-4 SpoRCES-1
of SpSRC1 and repeats 1,2 of ~ SpSRERE-2
SpSRCRS are included in the HEMARCD
comparison. The four HmCyCAR
SpSRCRI repeats are very HeHpC2
similar to one another, while BEHRSE
the two SRCR domains of HeCTI
SpSRCRS are about 41% sim-  GEERCR=#
ilar. Other proteins in the SpEPERACT-1
multiple alignment are:

MmMARCO (murine macro-

phage bacteria-binding recep-

tor, single SRCR, aa 423-1036;  FpEREEL-1
X99321); BtMRSE (bovine SpERCR1-Z
macrophage type I scavenger SpSECEL-3
receptor, single SRCR, SpSRCRL=-4
aa 351-452; P21758); MmCy- BPpERCRS -1
CAP (murine cyclophilin—-C- EpERCRE-Z
binding protein, single SRCR, ~ HmHREZG
aa 24-125; A48231); HSMAC2 ~ MmCyCRAE
(human MAC2-binding pro- HeMACE
tein, single SRCR, aa 24-124; BMREE
A47161); SpSPERACT (sea HalFI
urchin sperm egg-peptide re- GeSRCR -3
ceptor, 2nd repeat, SPSFERACT =1

aa 153-257; P16264); HsCFI
(human complement factor I,
single SRCR, aa 114-215; P05156). Residues conserved among all
sequences are shown in inverted type, while residues conserved in
at least four of the sequences are shaded. The locations of the six
Cys residues characteristic of group A (Resnick et al. 1994) are
marked and numbered. B Schematic maps of domains in
SpSRCR1 and SpSRCRS5 proteins. SpSRCR1 (AF076513) is 1036
amino acids in length, and has a predicted M, of 109700. The
cDNA extends for 6074 bp and the open reading frame runs from
positions 89 in this sequence to 3199. SpSRCRS is 528 amino
acids in length, and the predicted M, is 58000. The open reading
frame extends from positions 174 to 1757 in the cDNA sequence.
Both SpSRCR1 and SpSRCRS are mosaic proteins consisting of
C-terminal SRCR repeats (4 and 2, respectively) and additional
unique segments, and both lack a membrane-spanning domain.
SpSRCRI features an N-terminal signal peptide (20 aa), four Von
Willebrand factor-like repeats (61-62 aa), and a domain (347 aa)
similar to the extracellular matrix domain of the green sea urchin
Lytechinus variegatus, which contains the cell attachment motif
RGD. SpSRCRS features a signal peptide (16 aa) followed by an
as yet undescribed domain (285 aa) and two SRCRs

ple, as shown in Fig. 8, individuals 2 and 7 express
RNAs detected by the SpSRCRI probe at relatively
high levels, while individuals 4, 12, and 15 express these
genes hardly at all. However, the pattern of expression
of the SpSRCR5 gene is different from that of the
SpSRCRI genes. Such individual-specific distinctions in
the expression of genes that may be involved in im-
mune functions are of course of immediate interest.
This phenomenon could reflect differences in the num-
ber of cells of the subpopulations expressing these pro-
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teins; differences in the activity of the transcriptional
regulators for the respective genes; differences in
mRNA turnover rate; or polymorphic differences in the
genomic structures of the genes that affect transcription
or RNA turnover. Other experiments (not shown) con-
firm that given SRCR genes are present in the genomes
of S. purpuratus regardless of whether they are repre-
sented in coelomocyte mRNA. Whether differences in
level of expression represent genetic or physiological
distinctions among these individuals remains to be
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Fig. 8 Individual-specific patterns of transcription of S. purpura-
tus SRCR messages SpSRCRI and SpSRCRS5. Northern blot of
coelomocyte total RNA from 15 individual sea urchins (10 pg per
lane) was probed either with SpSRCRI (top) or with SpSRCR5
(middle). In the bottom panel the same blot was probed with
SpThymosin (probes are those described in the legend of Figs. 4
and 6)

seen, though we note that all the animals in this experi-
ment were drawn from apparently healthy populations,
maintained in stable long-term culture conditions. Pre-
liminary data indicate individual differences in expres-
sion of other SCRC genes in addition to SpSRCRI and
SpSRCRS, as well as some SRCR proteins that seem to
be expressed with little variation, from animal to ani-
mal.

Discussion

Expression of the six genes considered in this paper is
directly linked to coelomocyte immune function, either
by the inductive change in the levels of their transcripts
which follows introduction of bacteria, or the expres-
sion by coelomocytes of these genes (i.e., as far as has
been determined). Taken together with earlier findings
from a coelomocyte EST project (Smith et al. 1996) one
can begin to identify some of the specific molecular
functions that coelomocytes perform. For example,
they appear to utilize a complement system as do mam-
malian myeloid cells, in that they express genes encod-
ing proteins homologous with certain complement pro-
teins of mammals (Al-Sharif et al. 1998; Smith et al.
1996). Our current findings greatly extend the presently
slim body of molecular level information about echi-
noderm coelomocyte functions and mechanisms.

Molecular insights into the functional character of the
echinoderm immune system

We show here that S. purpuratus coelomocytes mount
an extensive transcription-level response to immune
challenge. Introduction of bacteria, or even the small
injury caused by the prick of a fine-gauge needle and
injection of 1 ml of filtered sea water (with perhaps a
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concomitant local infection that follows), sharply af-
fects the levels of three different mRNAs encoding
transcription factors. Obviously this implies the exis-
tence of batteries of facultatively expressed genes that
must be activated downstream of those transcription
factors for which message levels rise and fall after chal-
lenge. Bacterial response of one of these genes, that en-
coding SpNFKB, is indeed expected, since genes en-
coding homologous factors are up-regulated on bacteri-
al infection in both insects and mammals (reviewed by
Baldwin 1996; Hoffman et al. 1996); these animal clades
are so distant that this response system is likely to be
pan-bilaterian (see Fig. 1). However, the even sharper
response of SpRunt-I mRNA, and the down regulation
of SpGATAc mRNA occurring in coelomocytes after
bacterial injection (Fig. 4) were surprising. It will be in-
teresting to determine whether the SpRunt-1 response
occurs downstream of the same signal transduction
pathway as they utilize to activate their NFKB genes,
or whether this is an additional, separate signal/re-
sponse pathway also activated by bacterial products
and in consequence of sham injection. The kinetics of
the SpRunt-1 and SpNFKB responses to large amounts
of injected bacteria appear similar in Fig. 4, and both
responses seem directly reciprocal to that of SpGATAc.
Thus this message virtually disappears as the levels of
the others dramatically increase, and then as the latter
fade back to a normal condition SpGATAc mRNA
reappears. The linkage could be causal, i.e., SpGATAc
could repress SpNFKB and SpRunt-1 except on bacte-
rial challenge. However, we note that SpNFKB and
SpRunt-1 are both expressed at enhanced levels,
though less dramatically, after sham injection, but
SpGATAc downregulation is much less pronounced in
sham injected animals. This is inconsistent with an obli-
gatory reciprocal relation between SpGATAc expres-
sion and that of the other two genes. This result also
implies that the gene battery or batteries responding to
bacterial introduction include but extend beyond those
activated by sham injection alone. The SpGATAc re-
sponse occurs only on exposure to bacteria, while the
SpNFKB and SpRunt-1 responses occur in both con-
texts.

The observations in Fig. 4 highlight one simple and
obvious point: a major function of coelomocytes is to
respond transcriptionally to bacteria. We have shown
previously that injection of LPS, a component of bacte-
rial coats, activates the profilin gene of coelomocytes
(Smith et al. 1995). Therefore coelomocytes possess at
least one mechanism that would allow them to respond
specifically to bacteria, in addition to whatever re-
sponse is provoked by introduction of particles or by
minor injury. Though there is as yet no direct evidence,
the positive SpNFkB and SpRunt responses, and the
negative SpGATACc response to bacteria, are likely also
to represent specific reactions to potential pathogens.
This is scarcely surprising; the immune systems of in-
vertebrates exist fundamentally to protect the organism
against pathogens (Medzhitov and Janeway 1998). Such
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is of course also a major function of our innate immune
systems, and to the extent that the transcriptional appa-
ratus which carries out these functions is similar in sea
urchins and mammals, it represents a shared basal char-
acter, a specific genetic system inherited from ancestral
deuterostome founder stocks.

The most unexpected discovery in regard to sea ur-
chin immune system function that we present here is
that illustrated in Fig. 8. Here we see that the coelomo-
cyte-specific scavenger receptor homologues SpSRCRI
and SpSRCR5 are expressed differently in different in-
dividual S. purpuratus. Some of those animals that do
not express the SpSRCRI genes nonetheless express
the SpSRCR5 genes. SpSRCRI and SpSRCRS5 contain
distinct SRCR repeat units, which have different func-
tional attributes. In addition, while SpSRCRS5 may have
a simpler structure (Fig. 7B), SpSRCRI is evidently po-
lyfunctional, as it includes two other functional do-
mains as well as SRCR repeats, i.e., the von Willebrand
factor domains and a domain similar to a known extra-
cellular matrix protein of sea urchins. Though not
shown here, we have discovered other SRCR-contain-
ing proteins expressed in S. purpuratus coelomocytes
which have yet other characteristics, and which are also
expressed to very different extents, individual to indi-
vidual. Differential representation of the SRCR
mRNAs in the 15 individual coelomocyte RNA prepa-
rations is most likely due to differential transcription of
the same genes, animal to animal, though as noted
above other explanations cannot yet be excluded.
These SRCR proteins are likely to be involved in the
coelomocyte immune response, because of their simi-
larities with the Group A SRCR domains of the myel-
oid scavenger receptor and lectin-binding proteins
(Fig. 7A), and by virtue of their relatively intense coel-
omocyte-specific expression. However, the levels of
SRCR mRNAs are not affected, at least on a short time
scale either by bacterial challenge or by sham injection.
Figure 8 could be taken to imply a more or less consti-
tutive, individual-specific heterogeneity in the nature of
the immune capabilities of each animal. If this hetero-
geneity in SRCR mRNA levels is of transcriptional ori-
gin, it could depend on differences in the immunologi-
cal, i.e., “medical” history of each animal, which might
have affected either the constitution of its coelomocyte
population, or the level of expression of specific genes
in the same coelomocyte population (or both). In either
case, Fig. 8 suggests that we may be seeing the tip of an
iceberg with respect to the molecular definition of im-
mune individuality in our distant deuterostome cou-
sins.

Process of immune system evolution in the
deuterostomes

Sea urchins have no B or T cells or rearranging immu-
noglobulins, so far as anyone has been able to discover,
and it is extremely unlikely that they have an adaptive

immune system anything like that which vertebrates
display (reviewed by Smith and Davidson 1992, 1994).
For example, they have no immunological memory in
respect to allograft rejection. Yet homologues of three
transcription factors which appear to display immune
responses to bacterial injection in sea urchin coelomo-
cytes are also utilized in the lymphoid genes that me-
diate the evolutionarily “new” adaptive immune re-
sponses of vertebrates. The implication is that evolu-
tion of the adaptive immune system has proceeded by
insertion of new effector genes into an ancient regula-
tory network. This network consists of gene batteries
which function in the immune response, together with
their upstream regulatory controls. In the sense of evo-
lutionary descent from a common ancestor, gene bat-
teries encoding immune functions defined by the use of
homologous transcription factors to control their ex-
pression can be considered homologous regulatory
structures. Thus the immune induction biochemistry
upstream of the activation of the genes encoding these
transcription factors may also be homologous. In differ-
ent evolutionary descendants these batteries may in-
deed retain some of the same effector genes, e.g., the
Toll/IL-1 intracellular signaling pathway (Gonzales-
Crespo and Levine 1994) or the SpHS and SRCR genes
studied here. New or different genes have been added,
as well as other induction systems, the termini of which
have been inserted into otherwise homologous cis-reg-
ulatory elements. But if the developmental inputs are
different because the organism is structurally very dif-
ferent, what is homologous is only the genetic regulato-
ry apparatus, not the cells in which it runs, nor its parti-
cular immune functions. Sea urchin coelomocytes have
no evident embryological or developmental similarity
to vertebrate hematopoietic cells. Echinoderm coelo-
mocytes cannot arise from equivalent regions of the
ventral embryonic mesoderm or from developing blood
vessels as do hematopoietic precursors in vertebrates,
because no such structures exist in any obvious sense in
the echinoderm body plan or its embryonic forms.
Thus, the evolutionarily significant homology in dis-
tantly related deuterostome immune systems resides in
their basal genetic regulatory organization, not in the
particular cells or body parts in which they are ex-
pressed. Different genes have been inserted in an old
regulatory apparatus in the course of immune system
evolution in deuterostomes, leading to some shared,
and many particular immune functions in each group.
Fundamentally, sea urchins and vertebrates share a ge-
netic regulatory network dedicated to the control of
whatever protective immune functions have proved ad-
vantageous in each group.
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