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The vertebrate complement cascade is an essential host protection system that functions at the intersection of
adaptive and innate immunity. However, it was originally assumed that complement was present only in ver-
tebrates because it was activated by antibodies and functioned with adaptive immunity. Subsequently, the
identification of the key component, SpC3, in sea urchins plus a wide range of other invertebrates significantly
expanded the concepts of how complement functions. Because there are few reports on the echinoid complement
system, an alternative approach to identify complement components in echinoderms is to search the deduced
proteins encoded in the genomes. This approach identified known and putative members of the lectin and
alternative activation pathways, but members of the terminal pathway are absent. Several types of complement
receptors are encoded in the genomes. Complement regulatory proteins composed of complement control protein
(CCP) modules are identified that may control the activation pathways and the convertases. Other regulatory
proteins without CCP modules are also identified, however regulators of the terminal pathway are absent. The
expansion of genes encoding proteins with Macpf domains is noteworthy because this domain is a signature of
perforin and proteins in the terminal pathway. The results suggest that the major functions of the echinoid
complement system are detection of foreign targets by the proteins that initiate the activation pathways resulting
in opsonization by SpC3b fragments to augment phagocytosis and destruction of the foreign targets by the im-
mune cells.

1. Introduction and overview of the complement system in
mammals

In the late 1800s, immunologists first identified factors in mamma-
lian serum with activity against bacteria, of which one was heat stable
and the other was heat sensitive and both were complementary to the
functions of the other factor (Ehrlich and Morgenroth, 1899). Based on
this report, the name ‘complement’ was established for the system that is
complementary to antibody activity. Although the immunologists
assumed only two components at that time, the mammalian complement
system is composed of about 50 proteins (Merle et al., 2015a; Sarma and
Ward, 2011) that are present in fluid phase and on cell surfaces, of which
many are inactive and require proteolytic cleavage for activation. The
major outcomes of complement activation are lysis of foreign cells
including pathogens, and opsonization of cells and molecules that are
targeted as foreign and detected by complement receptors on
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phagocytes for endocytosis or phagocytosis and degradation. Further-
more, two of the small peptide fragments, the anaphylatoxins, are
released upon cleavage of the thioester proteins and function to attract
and activate phagocytes thereby augmenting inflammation and ampli-
fying the initial phases of the immune response. Overall, the comple-
ment system functions as a surveillance system for defense against
pathogens with impacts on inflammation and host homeostasis (Merle
et al., 2015b).

The general public tends to believe that antibodies kill pathogens,
likely because it is not necessary to describe the complexity of the
complement system in explanations of the pathogen killing functions of
the immune system. Antibodies function as the activator of the classical
pathway (Fig. 1) and link the complement system to the adaptive im-
mune system based on whether antibodies are present for binding to
foreign antigens. The next protein in the classical pathway is C1q that is
a multimer and binds to the Fc region of the antibody. However, in the
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absence of antibodies, C1q, functions as a pathogen recognition receptor
(PRR; see Table 1 for definitions of abbreviations) and binds several self
targets such as other PRRs bound to non self-targets, and also binds
directly to non-self targets including a variety of pathogens (Bohlson
et al., 2007; Reid, 2018; Thielens et al., 2017). The next step in the
classical pathway is the activation of two serine proteases, Clr and Cls,
that are intercalated within the C1q multimer. When C1q binds a target
that changes the spacial conformation of the multimeric subunits, this
auto-activates the protease function of Clr (Gaboriaud et al., 2012).
Activated Clr cleaves and activates Cls that, in turn, cleaves and acti-
vates C4 and C2. C4 is a thioester protein that, when cleaved to the C4b
form, exposes the thioester site that forms a covalent bond with amine
and hydroxyl groups on molecules and on cell surfaces. When C2 asso-
ciates with C4b, it is cleaved by Cls to C2a that remains with C4b on the
cell surface and together form the classical pathway C3 convertase
(C4b2a) that is capable of cleaving and activating C3. C3 is the key
thioester protein and, when cleaved and activated to C3b, also forms
covalent bonds with amine and hydroxyl groups on any molecule
including those on cell surfaces. The complement regulatory system
protects self from this attack such that C3b binds to and accumulates on
pathogen surfaces and acts as an opsonin. The smaller fragment, C3a,
functions as an anaphylatoxin to induce an inflammatory reaction
required for immune responsiveness.

The PRR activities of Clq, which has broad binding capabilities
including foreign carbohydrates, can initiate the lectin activation
pathway in addition to two other proteins with similar multimeric
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structures (Reid, 2018). These are mannose binding lectin (MBL) and
several ficolins that have a wide variety of binding targets.
MBL-associated serine proteinases (MASPs) are intercalated within the
MBL multimer (Schwaeble et al., 2002; Wallis, 2007), with similarities
to the intercalation of C1r and C1s with the C1q multimer. When MBL is
bound to a foreign carbohydrate, the MASPs cleave and activate either
C3 or C4 plus C2 that results in the exposure of the thioester sites in C3b
or C4b, covalent binding to the foreign surface, and the formation of the
C3 convertase complex with cleaved and activated factor B (Bf) or C2,
respectively (Fig. 1) (Endo et al., 2011; Fujita, 2002; Fujita et al., 2004b;
Matsushita and Fujii, 1992; Takahashi et al., 2006). There are three
ficolins in humans that have a similar domain structure as MBL, but
rather than a C-type lectin binding domain, they have a fibrinogen
domain at the C-terminus, and bind to different carbohydrates than
those bound by MBL (Fig. 1) (Liu et al., 2005). The classical and lectin
activation pathways are essentially the same, except that the activating
proteins differ; either antibody and the C1 complex vs. MBL, ficolins, or
Clq.

The third activation pathway, the alternative pathway, does not
require recognition of a PAMP or other foreign molecule for initiation,
but is based on the spontaneous activation of C3 by a nucleophilic attack
from water to form an active C3(H20) that exposes the thioester site in a
process called the C3-tickover (Lachmann, 2009). C3(H20) occurs in
solution, although it may bind to a surface if the tickover occurs in close
proximity to a cell. C3(H20) can be bound by Bf, which is cleaved by
factor D (Df) to activate the serine protease domain in the Bb fragment to
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Fig. 1. The complement cascade in mammals. The diagram shows the classical, lectin, and alternative activation pathways, and the terminal pathway leading to the
membrane attack complex. The regulatory proteins are indicated in magenta italics. Abbreviations are defined in Table 1.
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Table 1
Definitions of abbreviations for domains and proteins.

Domain or Definition

protein

A2M o 2 macroglobulin domain

A2M_N_2 N-terminal end of the o chain of the A2M domain

A2M recep receptor binding domain of the a 2 macroglobulin family

ALP apextrin-like proteins

ANATO anaphylatoxin homologous domain

ApeC apextrin C-terminal

Bf Factor B

C1INH C1 inhibitor

C1Q complement C1q domain

Cc2 protein kinase C conserved region 2

C345C C-terminal domain of complement components C3, C4 and C5

C4BP C4 binding protein

iC3b inactivated or degraded C3b

CCP complement control protein

CFH-R complement factor H-related

CLECT C-type lectin or carbohydrate-recognition domain

CR1 complement receptor type 1

CR2 complement receptor type 2

CR3 complement receptor type 3

CR4 complement receptor type 4

CUB complement C1r/Cls, Uegf, Bmpl

DAF decay accelerating factor

Df Factor D

dpf days post fertilization

ECM extracellular matrix

EGF epidermal growth factor

EGF.2 epidermal growth factor_2 domain

EGF-CA calcium-binding epidermal growth factor domain

EGF-like epidermal growth factor-like domain, unclassified subfamily

FBG domain at the C-terminal region of fibrinogen p and y chains

FH Factor H

FH-R Factor H related

FI Factor I

FIMAC Factor I membrane attack complex

FTP eel-Fucolectin - Tachylectin-4 - Pentraxin-1 domain; in lectins
from the Japanese eel, frog pentraxin, horseshoe crab tachylectin,
fly fw protein

GFP green fluorescent protein

hpf hours post fertilization

hpi hours post infection

HYR hyalin repeat

1L interleukin

INB integrin p N-terminal

Int_f cyt cytoplasmic domain of p integrins

Int_p tail integrin p tail domain

Int_a Integrin « domain

KR kringle domain

LDLa low-density lipoprotein receptor domain class A, includes a
cys-rich repeat with 6 cys

LU Ly-6 antigen/uPA receptor-like

MAC membrane attack complex

MACPF membrane attack complex and perforin-like

MBL mannose binding lectin

MCP membrane cofactor protein

MASP mannose binding lectin-associated serine protease

NK natural killer

PAN_AP divergent subfamily of APPLE domains

PAMP pathogen-associated molecular pattern

PF perforin-like

Pfam complement component region of the a 2 macroglobulin family

A2M_comp
Pfam A2M_N o 2 macroglobulin domain N-terminal

Pfam Collagen
PRR

RCA

serpin
SMART

SMC

SP

SR

SRCR

Tecps
Thiol-ester_cI

collagen helix

pathogen recognition receptor

regulators of complement activation
serine protease inhibitor

simple modular architecture research tool
secondary mesenchyme cell

signal peptide

domain with many serines and arginines
scavenger receptor; cysteine rich
thioester-containing proteins

thiol-ester bond-forming region; thioester site
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Table 1 (continued)

Domain or Definition

protein

TLR Toll-like receptor

™ transmembrane

TSP1 thrombospondin type 1 repeat
Tryp_SPc trypsin-like serine protease domain
vWF-A von Willibrand Factor type A
WMISH whole mount in situ hybridization
zp zona pellucida domain

generate the soluble alternative pathway version of the surface bound
C3 convertase (C3(H20)Bb). Although the alterative pathway can
function in surveillance for pathogens, its essential function is the pos-
itive amplification loop that augments the speed of complement acti-
vation and target opsonization (Fig. 1). The essential value of these
activation pathways is to coat foreign cells or molecules with C3b or
C4b, of which some participate in convertase complexes while others act
as opsonins to augment phagocytosis and destruction of the pathogen
through cellular degradation processes.

In addition to augmenting opsonization by cleaving and generating
additional C3b fragments, C3 convertase complexes can incorporate an
additional C3b fragment, which broadens the protease function to
include cleaving and activating C5 (Fig. 1). The larger C5b fragment
initiates the terminal pathway, and C5a acts as a potent anaphylatoxin
that augments inflammation. C5b associates with terminal components
that share some domain organization, C6 and C7, followed by the
addition of C8 that associates with the membrane of the foreign cell.
This complex promotes the multimerization of C9 that inserts through
the membrane and forms the membrane attack complex (MAC) (Kolb
and Muller-Eberhard, 1975; Sonnen and Henneke, 2014), which is a
large pore of 10 nm through which molecules pass in and out of the cell
without regulation and is lethal (Fig. 1). Pore formation is facilitated by
the MAC and perforin-related (Macpf) domains that are signature do-
mains of the C6-C9 proteins. In summary, the key aspects of the
mammalian complement system are i) covalent and permanent bond
formation between thioester proteins and foreign surfaces, ii) opsoni-
zation of cells and molecules that tags them as foreign, iii) recognition of
the opsonin tags by phagocytes leading to phagocytosis and effective
killing of foreign cells, and iv) lysis of foreign cells by the MAC.

2. Historical background of complement components in animals

Up to about the early 1970s, most immunologists believed that only
vertebrates had or needed an immune system and that all vertebrates
made antibodies (reviewed in (Marchalonis, 1977)). This belief corre-
lated with the assumption that antibodies were required to activate the
complement cascade (Mayer, 1973). At the time, the alternative (or
properdin) pathway had been identified (Pillemer et al., 1954) and did
not require antibody activation, but its biological relevance was not
understood. It was proposed as the ancestral complement system
(Lachmann, 1979) because it was assumed that the vertebrate comple-
ment system required antibody activation (reviewed in (Reid and Porter,
1981)). Furthermore, the lectin pathway would remain unknown until
1990 (Lu et al., 1990; Ohta et al., 1992). To understand the origins of
immunity, investigations in the late 1960s and 1970s focused on eval-
uating antibodies in the cyclostomes or jawless fish (lampreys and
hagfish) (Acton et al., 1971; Raison et al., 1978a, b) and the chon-
drichthyes (sharks and rays) (Marchalonis and Edelman, 1968), which
have been extended more recently (Matz et al., 2021; Pettinello and
Dooley, 2014)). Because both of these groups of fish are positioned at the
base of the vertebrate clade (Miyashita et al., 2019; Romer, 1967), they
were the optimal species to provide evolutionary insight into the
appearance of the adaptive immune system in vertebrates. It was
assumed at the time that these fish had vertebrate-like antibodies that
were required for complement function. The lamprey antibody was
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within the same size range as that for dogfish (shark) and ray antibodies,
although it had the unusual characteristic of dissociating into heavy and
light chains during isolation in the absence of reducing agents (March-
alonis and Edelman, 1968). Furthermore, the light chain was not
reproducibly identified on gels, which could not be explained (Raison
et al., 1978a). However, a hagfish cDNA sequence predicted to encode
antibody, and the N-terminal sequence of the assumed hagfish antibody
both showed that these molecules matched to C3 (Hanley et al., 1992;
Ishiguro et al., 1992). Furthermore, functional analysis of hagfish C3
demonstrated its opsonic activity to induce phagocytosis by hagfish
leucocytes (Raison et al., 1994). C3 homologues were also reported for
the lamprey (Nonaka et al., 1984). These results were strong inference
that cyclostomes do not make vertebrate-like antibodies, challenging the
paradigm that all vertebrates have antibodies as key proteins in their
immune systems. It was also assumed at the time that antibody activa-
tion of the classical pathway was essential (reviewed in (Reid and Porter,
1981)) and that the discovery of a complement component in the cy-
clostomes and the absence of antibodies was unexpected.

In line with the notion that all vertebrates have adaptive immune
systems that function with antibodies, it was also believed in the late
1970s that invertebrates did not have immune systems of any kind,
although this was under debate. Initial demonstrations of functional
immunity employed allograft rejection as an easily visualized illustra-
tion of non-self recognition and the effector functions required to reject
the allogeneic tissue. This phenomenon was reported for multiple spe-
cies in the echinoderm phylum including the leather star, Dermasterias
imbricata (Karp and Hildemann, 1976), the horned sea star, Protoreaster
nodose, the sea cucumber, Cucumaria tricolor (Hildemann and Dix,
1972), the painted sea urchin, Lytechinus pictus (Coffaro and Hine-
gardner, 1977), and the purple sea urchin, Strongylocentrotus purpuratus
(Coffaro, 1979). Although allorejection demonstrated the presence of an
immune system in echinoderms including attempts to show specific
immune memory (Coffaro, 1980), subsequent analysis of allorejection of
echinoderm tissues showed that the immune system functioned solely on
innate immunity (Smith and Davidson, 1992). This led to the assump-
tion that if the echinoderms do not have adaptive immune functions,
they do not produce antibodies or have any attributes associated with
antibodies including a complement cascade. However, in contradiction
to this assumption, a series of studies on the green sea urchin, Strong-
ylocentrotus droebachiensis, showed that phagocytosis of sheep red blood
cells (SRBCs) by the large phagocyte class of coelomocytes can be
augmented when anti-SRBC IgM plus mammalian C3 are bound to the
SRBCs (Bertheussen, 1981; Bertheussen and Seljelid, 1982; Kaplan and
Bertheussen, 1977). In the absence of mammalian C3 or after deacti-
vation of mammalian Bf with heat, IgM bound to SRBCs does not
augment phagocytosis by the coelomocytes (Bertheussen, 1982b; Ber-
theussen and Seljelid, 1982). This implies that coelomocytes have a cell
surface complement receptor capable of binding mammalian C3b or
iC3b to induce the uptake of the SRBCs. This, in turn, infers that echi-
noids express a C3 homologue and have a complement system.
Furthermore, analysis in the sea star, Asterias forbesi, suggested a two
component complement system composed of a C3 homologue and a
second heat labile component with serine protease activity consistent
with a Bf homologue (Leonard et al., 1990).

In 1979, Lachman proposed a primitive or archaeo-complement
system that is auto-activated by C3 tick-over or cleavage by microbial
proteases to initiate an alternative-like pathway that functions in
opsonization (Lachmann, 1979). These predictions of an echinoderm
complement system were confirmed when an expressed sequence tag
(an early version of RNAseq) identified a partial sequence of a C3 ho-
mologue (Smith et al., 1996) followed with a full length cDNA sequence
(Al-Sharif et al., 1998). These reports described a deduced SpC3 ho-
mologue with a single processing site to generate a two-chain protein
and verified the presence of a complement gene in the purple sea urchin,
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Strongylocentrotus purpuratus, with expression in coelomocytes that
could be induced by immune challenge (Clow et al., 2000). Further-
more, a Bf analogue was also reported (Smith et al., 1996) and subse-
quently as a full length cDNA that is expressed constitutively by
coelomocytes (Terwilliger et al., 2004). SpBf has the expected domains
for a Bf analogue including complement control protein (CCP) modules,
a von Willibrand Factor type A (vWF-A) domain, a serine protease
domain, and a conserved cleavage site for a putative factor D-like pro-
tease (Smith et al., 1998). The archaeo-complement system predicted by
Lachmann was essentially correct, but was modified and expanded from
direct C3 activation to a minimal model with a proposed alternative
pathway. The minimal complement system included a lectin based
activation system with an amplification feedback loop consistent with
an alternative pathway, plus core proteins with a protease to activate Bf
and augment C3 activation (Smith et al., 1999, 2001). In addition to the
activation mechanisms, a complement cascade must be balanced with
regulatory proteins to dissociate the C3bBb convertase and degrade C3b
that terminates the complement activity. These reports clearly estab-
lished the complement system in animals that survive in the absence of
an adaptive immune system including antibodies to activate the classical
pathway. Based on the initial report of C3 in echinoderms, subsequent
investigations have identified C3 homologues in a wide range of in-
vertebrates including a tunicate (Nonaka and Azumi, 1999), a gorgonian
coral (Dishaw et al., 2005), and an anemone (Kimura et al., 2009).

3. Methods to explore the echinoid complement system

Recent advances in genome sequencing, annotation and the avail-
ability of protein domain databases provide the opportunity to expand
our understanding of invertebrate complement systems. We employed a
protein domain-based approach to search improved and newly available
Echinoderm genomes (as of 2022) to identify candidate proteins and
genes with matches to complement components. These results provide a
hypothetical outline of the structure and putative functions of the
echinoid complement system, which may be used as a foundation for
future functional analyses.

3.1. Searches of deduced proteins encoded by genes and cDNAs identifies
echinoderm complement proteins

The slow discovery of the complement components in echinoderms
based on sequences of single cDNAs was accelerated significantly with
the availability of the purple sea urchin genome sequence (Sodergren
et al., 2006) in which searches and the initial annotation of immune
genes included complement analogues (Hibino et al., 2006; Rast et al.,
2006). Since then, searches of genes and proteins can be carried out
through Echinobase.org (Arshinoff et al., 2022) or NCBI.gov. Because
the scientific literature on complement in echinoderms is sparse, pro-
teins were identified based on BLAST searches of deduced amino acid
sequences in echinoderm databases using known complement proteins
or domains from humans or a few other vertebrates, and in a few cases
from other invertebrates. Protein matches were evaluated with the
simple modular architecture research tool (SMART) in normal mode (htt
p://smart.embl-heidelberg.de/), a domain analysis tool, to identify
proteins with domains of the expected types, numbers, and organization
consistent with complement proteins. SMART domain results were used
to produce many of the figures to illustrate putative complement pro-
teins in the purple sea urchin, in a few other echinoderm species, and
show the human proteins for comparison. Most of these matches have
been defined as analogous to mammalian complement proteins because
functional data and phylogenetic analyses are generally unavailable and
we made no attempts to evaluate function for many of the protein
matches that we report. However, for a few cases, expression data and
protein function are described when reported in the literature.
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3.2. RT-PCR and sequencing to evaluate and verify complement gene
expression

Total RNA was isolated from non-activated coelomocytes and the
axial organ from S. purpuratus using the RNA NucleoSpin RNA XS kit
(Macherey-Nagel, Diiren, Germany). The RNA concentration and quality
was determined by the Ajgg/250 ratio. RNA integrity was evaluated on
1.5% agarose gels with ethidium bromide (Sigma Aldrich). The first
strand of cDNA was reverse transcribed from 1 pg of total RNA at 42°C
for 1 h in a 20 pl reaction mixture containing 1 pl of ImProm-II Reverse
Transcriptase (Promega) and 0.5 pg oligo (dT)-anchor primer or random
primers (Promega). Specific primers were designed based on selected
sequences and used to amplify the cDNAs (Table S1). PCR reactions were
carried out in 25 pl with 100 ng of cDNA, 2.5 pl of 10x incubation buffer
that included 15 mM MgCl, (PCR Biosystems), 0.25 pM of each primer,
10 mM of each dNTP, and 2 units of PCRBIO Classic Taq polymerase
(PCR Biosystems). PCR was performed on a iCycler thermocycler (Bio-
Rad Laboratories) with the following program: 94°C for 2 min, then 35
cycles of 94°C for 30 s, 55-60°C for 30 s, 72°C for 40 s, and 72°C for 10
min. Amplicons were separated on 1.5% agarose gel, bands were cut
from the gel, purified with ULTRAPrep Agarose Gel Extraction MiniPrep
kit (AHN Biotechnologie), ligated into pGEM-T Easy Vector (Promega),
and transformed into One Shot™ TOP10 Chemically Competent E. coli
(ThermoFisher). Clone inserts were sequenced from one or both ends to
generate full length amplicon or transcript sequences.

4. The core proteins of the sea urchin complement system
4.1. The thioester-containing proteins

The core complement gene homologue, SpC3, is present in the sea
urchin genome sequence and encodes a protein with mostly the same
domains in the same order as human C3 (Fig. 2A and B). However, there
are multiple S. purpuratus thioester-containing proteins (SpTecps)
encoded by multi-copy genes in the genome rather than single copy as
was initially reported (Al-Sharif et al., 1998), and all include the
consensus sequence for a thioester site, GCGEQ. The initial deduced C3
homologue, now identified as SpC3-1, and a second copy, SpC3-2, are of
similar sequence and domain structure, and are also similar to the
human C3 protein (Fig. 2A-C). They are encoded in separate genes and
SpC3-1 is expressed in the adults, whereas SpC3-2 is expressed in larvae
(Al-Sharif et al., 1998; Hibino et al., 2006; Shah et al., 2003). SpC3-1 is
expressed by the phagocyte class of coelomocytes in adult sea urchins
(Smith et al., 2006), and SpC3-1 production is augmented in vivo by
incubating coelomocytes with LPS (Clow et al., 2000, 2004; Gross et al.,
2000). Increased expression of the SpC3-2 gene in embryos coincides
with gastrulation and can also be augmented by LPS or exposure to the
marine bacterial species, Vibrio diazotrophicus (Shah et al., 2003).
Although the anaphylatoxin domain (ANATO), which is the C3a frag-
ment that is cleaved from the o chain upon activation, is not identified in
the sea urchin proteins by the SMART program, alignments indicate that
this N-terminal end of the a chain is conserved based on the locations of
five cysteines (Al-Sharif et al., 1998). Both SpC3 proteins have a
conserved cleavage site for processing the pro-proteins into the o and f
chains prior to secretion (Al-Sharif et al., 1998; Clow et al., 2000; Smith
et al.,, 1999) suggesting that they are C3 homologues. There are no
SpTecps encoded in the S. purpuratus genome with a second conserved
cleavage site that is typical of a C4 protein, which is processed to three
chains. There are several other genes that encode SpTecps, of which one
is a 2 macroglobulin (SpA2M) that is of similar size as vertebrate A2M
and includes all of the expected domains in the correct order (Fig. 2D, E).

There are a number of additional genes encoding SpTecps that may
not be SpA2M analogues even though they may contain some or all of
the expected domains (Hibino et al., 2006). Three include all of the
expected domains for SpA2M analogues, however they are too large and
include additional domains in the C-terminal region (XP_785018,
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XP_030832873, XP_799248). One of the longer proteins, SpTecp2
(Fig. 2F), is expressed in secondary mesenchyme cells (SMCs) of the
S. purpuratus embryo, coincident with the onset of gastrulation (Fig. 2G).
SpTecp2 expression in the SMCs is maintained as these cells differentiate
to immunocytes called pigment cells in S. purpuratus larvae, and migrate
from the vegetal plate and the archenteron to the ectoderm (Fig. 2H, I)
(Hoetal., 2016). SpTecp2 expression is induced in those cells in response
to larval incubation with Vibrio dizatrophicus. Two other deduced
SpTecps (XP_011676138; XP_030845260) are short and missing some of
the expected domains from the C-terminal region (not shown). All of the
SpTecps in S. purpuratus have conserved thioester sites, inferring the
absence of a C5 homologue that has a mutated thioester site in verte-
brates, but the functions of these SpTecps are unknown.

The activity of the thioester site in SpC3-1 and the other SpTecps in
the coelomic fluid of adult S. purpuratus have been evaluated using a
standard assay of incubation with *C-methylamine that binds to and
labels active thioester sites. SpC3-1 plus a larger protein consistent in
size with SpA2M both bind '*C-methylamine and therefore demonstrate
functional thioester activity (Smith, 2002). These results also suggest
that either the other SpTecps are not expressed in adults, are not
secreted into coelomic fluid, or they do not have functional thioester
sites. SpC3-1 opsonizes Baker’s yeast, Saccharomyces cerevisiae, and in-
duces augmented phagocytosis by sea urchin coelomocytes (Clow et al.,
2004), demonstrating the key and essential function of the sea urchin
complement system of opsonization and uptake of foreign cells by the
numerous large phagocytes in the coelomic fluid.

4.2. The factor B/C2 proteins

4.2.1. Factor B/C2 proteins in vertebrates

Bf and C2 proteins in humans are composed of three CCP modules, a
vWF-A domain and a serine protease domain (Fig. 3A, I), which function
through the formation of an active site in the protease domain by folding
a histidine, an aspartic acid, and a serine into close proximity (Polgar,
2005). In the human genome, Bf and C2 are single copy genes, are tightly
linked, and their sequence similarity suggests gene duplication (Camp-
bell et al., 1984). Although they are similar, Bf binds to C3b, which
exposes a scissile bond that is cleaved by factor D (Df) (Hourcade and
Mitchell, 2011) to form the alternative pathway C3 convertase. C2
functions similarly by binding C4b, but is cleaved by Cls to form the
classical and lectin pathway C3 convertase (Fig. 1).

4.3. Factor B proteins in sea urchins

Sea urchin SpBf has the expected domain structure relative to
vertebrate Bf with multiple CCP modules, a vVWF-A domain, and a serine
protease domain (Fig. 3B) (Smith et al., 1998). The sequence of SpBf also
has a conserved factor D cleavage site as well as a Mg?* binding site. The
major difference between human Bf and SpBf is that the latter has five
CCPs, rather than the expected three. However, this variation is not
uncommon among Bf proteins in other deuterostomes such as CcBf from
the common carp, Cyprinus carpio, that has four CCPs (Fig. 3G) (Nakao
et al., 2002) with an apparent duplication of CCP1 (Terwilliger et al.,
2004), and AjBf from the Japanese sea cucumber, Apostichopus japonicus,
that has five CCPs (Fig. 3H) (Zhong et al., 2012). Of the five CCPs in
SpBf, CCP1 and CCP2 are most similar to vertebrate Bf CCP1, SpBf CCP3
is most similar to vertebrate CCP2, SpBf CCP4 is most similar to verte-
brate CCP2 and CCP3, and SpBf CCP5 is most similar to vertebrate CCP3
(Terwilliger et al., 2004). Phylogenetic analysis places SpBf at the base
of the Bf phylogenetic tree predating the Bf/C2 duplication event (Smith
etal., 1998, 2001), suggesting that either five CCPs is the ancestral state
or five CCPs appeared in SpBf through exon duplications after the
divergence from chordates (Terwilliger et al., 2004).

SpBf is expressed in the large phagocyte class of coelomocytes and
not in the other coelomocyte types (Smith et al., 2006). However, unlike
SpC3, SpBf shows constitutive expression that is not induced by immune
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Fig. 2. The thioester-containing proteins in Strongylocentrotus purpuratus. The genome of the purple sea urchin encodes several thioester-containing proteins
(SpTecps). There are two SpC3 proteins, one « 2 macroglobulin (SpA2M) protein, and several SpTecps. The domain structure of the sea urchin proteins are shown
with the human proteins for comparison (see Table 1 for definitions of domain abbreviations). A. Human C3 (AAA85332.1). B. S. purpuratus C3-1 (AAC14396.1). C.
S. purpuratus C3-2 (XP_780931.4). D. Human o 2 macroglobulin (EAW88590.1). E. S. purpuratus a 2 macroglobulin (XP_030830141). F. S. purpuratus Tecp2
(XP_799248.3). The additional SpTecps encoded in the sea urchin genome have domains that do not correspond to either C3 or A2M and are not shown. The
truncated SpTecpl (XP_030845260.1) has a single predicted A2M domain and a single thioester-like domain. SpTecp5 (XP_011676138.2) is similar in structure to
SpTecp2 but is missing a few C-terminal domains. See main text for details. See Table 1 for definitions of domain abbreviations. G - I. SpTecp2 is expressed in pigment
cells (immunocytes) of S. purpuratus during embryonic development. G. Relative expression of SpTecp2 begins at early blastula stage (14 hpf) and peaks in early
gastrulae (36 hpf). H. Expression is localized to the non-skeletal mesenchyme and a subset of its derivatives, the pigment cells. I. In larvae (7 dpf), an SpTecp2:GFP
reporter construct is expressed exclusively in some pigment cells (green) that also express echinochrome A, which appears black (insets i, ii). Scale bars indicate 50
pm. G and H are modified and re-printed from Ho et al. (2016) in accordance with the creative commons license.
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Fig. 3. The SpBf and SpC2-like proteins in Strongylocentrotus purpuratus. The
domain structures of sea urchin Bf and C2 proteins are similar to those in other
deuterostomes. All proteins contain CCP modules, a VWF-A domain, and a Tryp-
SPc domain. Most proteins include an SP (red) at the N-terminus. A. Human Bf
(CAA51389.1). B. S. purpuratus Bf (NP_999700.1). C. S. purpuratus Bf-1
(XP_030844905). D. S. purpuratus Bf-2 (XP_030844895). E. S. purpuratus Bf-3/
pseudo-SpBf (XP_011669123). The underlined protease domain indicates a
putative loss of function from a mutation that replaces the histidine with a
threonine in the active site. F. S. purpuratus Bf-4 (XP_030853901). G. Common
Carp, Cyprinus carpio Bf (BAA34707.1). H. Japanese sea cucumber, Apostichopus
japonicus Bf (AEP68015.1). I. Human C2 (AQY77246.1). J. S. purpuratus C2-like
(XP_030853760.1). Vertical lines designate exon/intron boundaries when pro-
vided in the SMART output. See Table 1 for definitions of domain
abbreviations.

challenge (Terwilliger et al., 2004). This expression pattern is similar to
that of vertebrates in which Bf expression levels are relatively constant
and at a lower level than that of vertebrate C3 (Colten, 1985; Sackstein
and Colten, 1984). When evaluating SpBf expression in coelomocytes,
messages appear in two sizes and further analyses identified alternative
splicing that deleted sequence encoding CCP1, or CCP4, or both (Ter-
williger et al., 2004). Although the CCP1 deletion results in a frameshift,
alternative splicing of CCP4 encodes a full-length protein. This suggests
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that SpBf messages undergo alternative splicing but does not rule out the
presence of as many as three similar SpBf genes in the S. purpuratus
genome. At the time, alternative splicing for SpBf messages seemed
plausible because each CCP module is encoded by a separate exon that is
surrounded by canonical splice sites. The putative outcome of alterna-
tive splicing results in messages encoding SpBf proteins with five, four,
or perhaps three CCP modules.

When the S. purpuratus genome sequence (ver 2.1) was first anno-
tated, two additional SpBf genes were identified (Hibino et al., 2006),
and in the S. pupuratus genome (ver 5.0), a total of five SpBf-like and one
SpC2-like genes are present. All deduced proteins have the typical Bf
protein structure with CCPs, a vVWF-A domain, and a serine protease
domain (Fig. 3C-F, J). Four of the deduced proteins have six CCPs
(SpBf-1, SpBf-2, SpBf-4, and SpC2-like), and two have five CCPs (SpBf
and SpBf-3/pseudo-SpBf). The serine protease domain in
SpBf-3/pseudo-SpBf is likely non-functional because the conserved his-
tidine that functions in the catalytic triad is replaced with a threonine
(Fig. 3E). The SpC2-like protein has six CCPs rather than three as in
vertebrate C2 (Fig. 31, H). It is unlikely that SpC2-like is a C2 analogue
because no gene has been identified that encodes an SpC4 protein in the
sea urchin genome (see section 4.1 above), based on our assumption that
SpC2 would associate with SpC4, as in vertebrates. Therefore it is likely
that SpC2-like is another SpBf protein. It is noteworthy that none of the
deduced SpBf proteins have less than five CCPs, which infers that the
transcripts encoding the SpBf proteins with three or four CCPs (Ter-
williger et al., 2004) may be the outcome of alternative splicing to
remove at least CCP4, and that this variation in CCPs was not the result
of expression from other SpBf genes. It remains unknown how the
different number of CCPs impact protein function, including their as-
sociation with the two SpC3 proteins, perhaps other SpTceps, and the
activity of the core proteins of the sea urchin complement system.

5. Factor D
5.1. Vertebrate factor D

Factor D (Df) is required to activate the C3 convertase composed of
C3bBb that forms upon activation of the alternative pathway in verte-
brates (Fig. 1) (Barratt and Weitz, 2021). It is a small protein composed
of a single serine proteinase domain (Fig. 4A) with highly specific
function that is limited to the cleavage site in Bf when it becomes
exposed upon binding to C3b (Hourcade and Mitchell, 2011).

5.2. Searches for factor D in the sea urchin

A functional complement activation pathway in sea urchins that
expresses SpC3 and SpBf requires cleavage of SpBf to activate the serine
protease domain and generate a functional C3 convertase complex with
SpC3b. SpBf has a conserved cleavage site for Df (Smith et al., 1998),
which implies the presence of an SpDf-like protease encoded in the
genome. Although searches for SpDf during the initial annotation of the
S. purpuratus genome (ver 2.1) did not identify SpDf (Hibino et al.,
2006), our searches of the genome (ver 5.0) using the human Df protein
sequence identified three possible SpDf analogues with a single
trypsin-like serine protease domain, of which two included a signal
sequence (Fig. 4B-D). Two of these sea urchin proteins are listed as
trypsins with similarities to chymotrypsin, and the three dimensional
model of SpTrypsin-1 shows similarities of the protease domain folding
structure with human Df (Fig. 4E). The identification of putative SpDf
proteins may provide a basic starting point for future biochemical
characterization, which will be required to demonstrate that one of
these proteins may function as an SpDf analogue and can cleave SpBf
when bound to SpC3.
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Fig. 4. Factor D proteins in Strongylocentrotus purpuratus. The purple sea urchin
genome (ver. 5.0) encodes three deduced proteins that are consistent with
human Df structure. The human Df protein is shown for comparison. A. Human
Df (CAI2587506.1). B. S. purpuratus trypsin-1 (XP_001199035.1). C.
S. purpuratus trypsin-2 (XP_030844513.1). D. S. purpuratus serine protease 52-
like (XP_030840990.1). Vertical lines designate exon/intron boundaries when
provided in the SMART output. See Table 1 for definitions of domain abbre-
viations. E. Estimates of three dimensional folding of S. purpuratus Trypsin-1 is
compared to human Df. The three dimensional estimate for SpTrysin-2 is
similar (not shown). Images were acquired with ColabFold (github.com/sok-
rypton/ColabFold).
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6. Complement activation pathways

6.1. Lectin pathway activators and associated serine proteases in
mammals

The activators of the lectin pathway in mammals (Fig. 1) are protein
multimers composed of a collagen-like domain, a coiled coil region in
some members, and a globular domain that binds foreign targets
(Fig. 5A, B, D, G, I) (Hakansson and Reid, 2000). The collagen-like
domain of these proteins is essential for multimerization into trimers
and then into complexes of up to 18 copies forming large structures that
look like a bouquet of tulips. Other proteins with similar overall struc-
ture include MBL, ficolins, and collectins (Endo et al., 2011; Hakansson
and Reid, 2000; Keshi et al., 2006; Ohtani et al., 2012). MBL binds
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carbohydrates with terminal mannose groups that are arrayed on mi-
croorganisms in specific spacial patterns, whereas ficolins bind N-ace-
tylglucosamine and do not bind mannose (Matsushita and Fujita, 2001,
2002). Both MBL and ficolins associate with MASPs resulting in acti-
vation complexes that cleave and activate other components of the lectin
pathway (Fig. 1) (Matsushita and Fujita, 2001). MASP-1 cleaves and
activates C3 and C2, while MASP-2 cleaves and activates C4 and C2. The
three collectin proteins in humans and are identified based on their
specific organ expression; liver (CL-L1, collectin 10), kidney (Cl-K1,
collectin 11), and placenta (Cl-P1, collectin 12) (Hansen et al., 2016;
Ohtani et al., 2012). These collectin proteins have a similar domain
structure as MBL (Hakansson and Reid, 2000).

Clq also has a very similar structure to MBL and the collectins
(Fig. 5A, B, D) and functions in the classical pathway in mammals
because it binds the Fc portion of antibodies. However, C1q also binds
directly to a variety of pathogens in the absence of antibodies to activate
the lectin pathway (Bohlson et al., 2007; Reid, 2018). C1q associates
with serine proteases, C1r and Cls, which are homologues of each other
and the MASPs and all have similar functions (Fig. 6A) (Fujita et al.,
2004b). Overall, the lectin pathway binds carbohydrates on foreign cells
and activates the thioester-containing complement components that are
the core and essential proteins of the complement cascade.

6.2. The activator proteins for the lectin pathway in echinoderms

For a lectin activation pathway to function in echinoids, proteins
with the expected domain structure of a collagen-like region, an alpha
helical region, and a binding head must be encoded in echinoderm ge-
nomes (Fujita et al., 2004a; Smith et al., 1999) with predicted functions
of recognizing foreign structures. Furthermore, activation of the lectin
pathway would require MASP association with the activating proteins.
Initial searches of genes encoding lectin pathway proteins in the sea
urchin genome (ver 2.1) identified some of the expected components
including three SpClq-like proteins (Fig. 5B, C, E, F) and one SpMBL
(Fig. 5H) (Hibino et al., 2006). Although 46 gene models encoding
fibrinogen domains were also identified, none of the deduced proteins
included an N-terminal collagen-like domain (Hibino et al., 2006).
Recent searches of the proteins encoded in the sea urchin genome (ver
5.0) verified the SpClq and SpMBL and identified SpFicolin-1-like and
SpFicolin-2-like (Fig. 5J, K). Although a collagen-like region is not
identified in the SpFicolin proteins based on SMART analysis, the amino
acid sequences suggest that a collagen-like region is present. These re-
sults suggest that the lectin pathway likely functions in echinoids and is
involved in complement activation in these invertebrates, in agreement
with previous predictions (Fujita et al., 2004a; Smith et al., 1999).

6.3. The associated serine proteases in echinoderms

Although the recognition components of the lectin pathway have
been identified, no evidence for genes encoding proteins similar to Clr,
Cls, or MASP were identified in the S. purpuratus genome (ver 2.1)
(Hibino et al., 2006). Our searches of the genome (ver 5.0) with human
Clr identified several matches to sea urchin proteins (XP_030851874.1,
XP_030851875.1, XP_030851876.1; not shown), however these proteins
include multiples of the expected domains in an unexpected organiza-
tion and are unlikely to be analogues of Clr, Cls, or MASP. In the
absence of these serine proteases in S. purpuratus, it is not clear how a
lectin pathway may function (Al-Sharif et al., 1998; Smith et al., 1998).
However, searches of all deduced echinoderm proteins available on
Echinobase.org identified three Clr/Cls/MASP-like sequences in the
bat star, Pateria mineata, and two in the crown-of-thorns sea star,
Acanthaster planci (Fig. 6B-D). These proteins have two CUB domains,
two CCP modules, one calcium-binding epidermal growth factor
(EGF-CA) domain, as well as the serine protease domain. For each sea
star, additional putative Clr/C1ls/MASP-like proteins were identified
but with unexpected domain organization. One is missing the
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N-terminal end including one CUB domain and the other is missing both
the CUB and the EGF-CA domain (Fig. 6C, D). They are either derived
from incomplete gene models that are missing the 5’ end of the coding
region, or they encode shorter protein versions. Based on the close
evolutionary relationship of asteroids and echinoids, as well as the
presence of an SpMBL and SpClqg-like proteins in echinoids, we specu-
late that a functional lectin pathway is present in S. purpuratus and that
the missing C1r/C1s/MASP sequences may be based on genome anno-
tation or assembly. Alternatively, this category of serine proteases in
echinoids has different domain structures and cannot be identified with
the approaches employed here. This is supported by the presence of the
CIr genes in the two asteroid species, as well as CIr, C1s, and MASP
genes in the ascidian Ciona intestinalis (Nonaka and Yoshizaki, 2004).

7. The terminal pathway
7.1. The terminal pathway in vertebrates

The terminal complement pathway in vertebrates is initiated by the
C5 convertase, which is assembled and activated by one or more of the
three activation pathways, and cleaves C5 into C5b and C5a. C5b as-
sociates with C6, C7, and C8 and the polymerization of C9 in the for-
mation of the MAC, which is a large pore that results in unrestricted
passage of ions and other molecules into and out of the foreign cell
(Fig. 1). Foreign cells are not generally protected against MAC attack
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Fig. 5. The activation proteins of the lectin pathway
in Strongylocentrotus purpuratus. There are four
deduced proteins encoded in the genome (ver 5.0) of
the purple sea urchin with domain structure consis-
tent with activators of the lectin pathway. Three
proteins have domains similar to those in Clq, one is
similar to MBL, and two are similar to ficolins. The
human Clq subunits, MBL, and ficolin 1 are shown
for comparison. A. Human Clq subunit A
(NP_001334395.1). B. Human Clq subunit C
(NP_001334548.1). C. S. purpuratus Clg-like
(XP_003729490) is annotated as collagen a (X)
chain. D. Human Clq subunit B (NP_000482.3). E.
S. purpuratus C1q-likel (XP_003724148) is annotated
as collagen «-2 (VIII) chain. F. S. purpuratus C1q-like2
(XP_030845267) is annotated as collagen a-1 (X)
chain. G. Human mannose binding lectin C
o ] (NP_001365302.1). Human collectin 10 (CL-L1,
BAA81747.1), collectin 11 (CL-K1, BAF43301.1) and
collectin 12 (CL-P1, NP_569057.2) all have the same
- domain structure as MBL (Hakansson and Reid, 2000)
(not shown). H. S. purpuratus mannose binding
lectin-like (XP_796701) is annotated as 30 kDa
spicule matrix protein. A collagen-like region is pre-
sent between the SP and the CLECT domain that is not
identified by SMART. 1. Human Ficolin 1
(AAH20635.1 or NP_001994.2). Human Ficolin 2
(NP_004099.2) and Ficolin 3 (NP_003656.2) have the
same domain structure (not shown). J. S. purpuratus
Ficolin-1-like (XP_787024.1). K. S. purpuratus
Ficolin-2-like (XP_781712.2). Vertical lines designate
exon/intron boundaries when provided in the SMART
output. See Table 1 for definitions of domain
abbreviations.

like host cells that benefit from the functions of the complement regu-
latory proteins (see section 9 below). The members of the terminal
pathway, C6, C7, C8, and C9 are composed of a variety of domains, but
the Macpf domain is the signature domain that identifies these proteins
(Anderluh et al., 2014).

7.2. The terminal pathway in echinoderms

When the human C6, C7, C8 (including «, p and y chains), and C9
proteins (Fig. 7B-E) are used to search the echinoderm proteins encoded
in the genome (ver 5.0) on Echinobase.org or the S. purpuratus sequences
on NCBI.gov, no convincing matches are identified. Furthermore, when
Cé6-like proteins from either the tunicate, Ciona intestinalis
(XP_002130807.1), or amphioxus, Branchiostoma belcheri (Fig. 7A), are
used to search the echinoderm proteins, no matches are found with the
expected domains in the expected organization as that in the inverte-
brate proteins or in mammalian C6. Results only identify proteins with
Macpf domains (see section 7.3 below). Because a C5-like analogue is
not identified (see section 4.1 above), these results infer the absence of a
terminal pathway in echinoderms. This suggests that the complement
system functions as an essential and efficient opsonization system that
drives phagocytosis and clearance of foreign cells and pathogens, but
does not have a MAC-like mechanism for pathogen lysis. However, the
expansion of the Macpf-containing proteins encoded in the S. purpuratus
genome suggests other means for cell killing.


http://Echinobase.org
https://NCBI.gov

L.C. Smith et al.

A HsCir
EDED - -
Sy i . o
B. Sea star C1r/C1s/MASP
Bl - e
1] B |G- cce Taye: She ~
EIE)- -
G, PmSenng Proteases
'ﬁ EIE }L‘t?‘ CCP -:El'n.l P

D, ApSerne Proteasse

€ -m-

Fig. 6. The Clr, Cls, and MASP serine proteases in echinoderms. Searches of
the deduced proteins encoded in the S. purpuratus genome (ver 5.0) did not
result in proteins with similar domain structure as Cls, C1r, or MASP. The bat
star, Pateria mineata, has three C1r/Cls/MASP-like proteins, and the crown-of-
thorns sea star, Acanthaster planci, has two. Serine protease variants from the
sea stars are missing the N-terminal region of the proteins. The domain struc-
ture for human Clr is shown for comparison, which is the same as Cls
(NP_001725.1) and the MASP proteins (MASP2, NP_006601.2) (not shown). A.
Human Clr (AAA51851.1). B. Several sea star serine proteases have similar
structures and domains consistent with C1r/Cls/MASP including proteins from
the bat star, P. miniata (XP_038062000.1, XP_038062005.1, XP_038062004.1)
and from the crown-of-thorns sea star, A. planci (XP_022109261.1,
XP_022109262.1). C. P. mineata serine protease (XP_038062004.1). D. A. planci
serine protease (XP_022109262.1). Vertical lines designate exon/intron
boundaries when provided in the SMART output. See Table 1 for definitions of
domain abbreviations.

7.3. The Macpf proteins in echinoderms

7.3.1. The genes encoding Macpf-containing proteins are expanded in
echinoderms

The Macpf domain was first characterized based on the sequence
similarities among the proteins of terminal complement pathway
(Fig. 7B-E) that form the MAC (McCormack et al., 2013), and the
perforin-like (PF) proteins (Fig. 7F) of vertebrate cytotoxic NK cells and
T lymphocytes (Lowrey et al., 1989; Shinkai et al., 1988). Many
Macpf-containing protein families are present across eumetazoa and are
often expanded in invertebrate lineages. However, the functions of these
proteins and the mechanisms of action of these repertoires remain un-
clear (Anderluh et al., 2014; Hibino et al., 2006; Huang et al., 2008). The
initial annotation of the sea urchin genome (ver 2.1) identified 21 Macpf
gene models encoding a signal peptide (SP) and a single Macpf domain
(Hibino et al., 2006; Rast et al., 2006), and are organized into seven
subfamilies, A - G (Fig. 7G-S). To characterize additional or divergent
Macpf-containing proteins, the deduced proteins from the sea urchin
genome (ver 5.0) was searched using sea urchin and human Macpf
domain sequences. Updated versions of the original annotations clearly
identify 19 gene models from six subfamilies, A - F, whereas the lone G
family gene model no longer exists in the genome. An additional un-
annotated gene model (LOC756464) in the sea urchin genome (ver 5.0)
encodes a protein with domain architecture most similar to members of
the SpMacpfC subfamily (Fig. 7K, L). Every predicted SpMacpf gene
family member encodes a protein with one Macpf domain, and most
have an SP at the N-terminus. In most proteins (excluding SpMacpfA2,
-A3, -A4, -D1 and -D4) the Macpf domain is paired with an Apextrin

10

Developmental and Comparative Immunology 140 (2023) 104584

C-terminal (ApeC) domain (Fig. 7G, I-L, P-S). The ApeC domain is
relatively newly described and is encoded in genes with functions
related to immunity, the extracellular matrix (ECM), and protein-protein
and protein-carbohydrate interactions (Li et al., 2021a, 2021b). It was
first characterized in the sea urchin apextrin gene (see section 7.3.2
below), and more recently described in a diverse family of amphioxus
proteins that share significant sequence similarity to the ApeC domain of
the sea urchin apextrin protein (Haag et al., 1999; Huang et al., 2014).
Several genes within the SpMacpfD subfamily also encode a coiled-coil
domain (Fig. 7N-P).

Because of the of dual life history of the purple sea urchin that in-
cludes a feeding pelagic larva that metamorphoses into a benthic juve-
nile with adult morphology, the expression and function of the SpMacpf
protein subfamilies may be partitioned across embryonic, larval, and
adult stages. Differential subfamily expression in larval stages vs. adult
tissues and coelomocytes in S. purpuratus has been demonstrated for
other immune-related multigene families, such as the two SpC3 genes
(Gross et al., 2000; Shah et al., 2003) (see section 4.1 above), the
Toll-like receptors (TLRs), the scavenger receptors (SRCRs), and the
IL-17 cytokines (Buckley et al., 2017; Buckley and Rast, 2012). Such
variable expression likely exists because the life stages before and after
metamorphosis occur in markedly different environments and are
therefore under different selective pressures.

7.3.2. Expression of Macpf-containing proteins in sea urchin adults and
embryos

The expression of the Macpf-containing proteins in echinoderms is
known based on only two reports. The first is apextrin from the
Australian purple sea urchin, Heliocidaris erythrogramma (Haag et al.,
1999), which is likely a single analogue of the S. purpuratus Macpf
proteins and contains the tandem Macpf and ApeC domains (Hibino
et al., 2006). The HeET-1 gene (AF049334) in H. erythrogramma encodes
a candidate secreted ECM protein that was designated as apextrin due its
novel association with apical ECM in the embryonic ectoderm (Haag and
Raff, 1998; Haag et al., 1999). Apextrin is significantly upregulated in
adult coelomocytes from the Australian purple sea urchin, Heliocidaris
erythrogramma, upon challenge with bacteria suggesting an involvement
in immune responses (Dheilly et al., 2011, 2012).

The second gene to be characterized for expression patterns,
SpMacpfA2, encodes a protein with an SP and a Macpf domain (Fig. 7H).
Expression of this gene occurs during embryonic development and in
larval immune responses (Ho et al., 2016). SpMacpfA2 expression ini-
tiates at mid gastrulation (Fig. 8A) where it is present in SMCs once they
begin to delaminate and migrate from the end of the developing gut tube
at about 48 h post fertilization (hpf) (Fig. 8B-J). The number of cells and
proportion of larvae in a population that express SpMacpfA2 increases
with growth and maturation (Fig. 8B, F-I) until 10 days post fertilization
(dpf) (Fig. 8J), at which point larvae have an average of 10.3
SpMacpfA2* cells. Expression of the Macpf:GFP reporter construct
(Fig. 8K, L) demonstrates that SpMacpfA2 is expressed in a subset of
larval immune cells in the blastocoel, which are analogous to adult
coelomocytes in S. purpuratus. SpMacpfA2 is expressed in the mobile
globular cells, which cluster at the tips of the larval arms and at the
apical region of the larval body (Fig. 8M-P) (Ho et al., 2016). When sea
urchin larvae are incubated with the marine bacterial pathogen, Vibrio
diazotrophicus, that are likely ingested, there is a clearly observable gut
inflammation response (Buckley et al., 2017; Ho et al., 2016). Although
both SpMacpfA2 expression and the numbers of SpMacpfA2™ globular
cells decrease during bacterial exposure (Fig. 9) (Ho et al., 2016), the
subsequent upregulation of SpMacpfA2 and eventual decrease in
SpMacpfA2 cells both suggest the possibility that the protein is secreted
directly as an extracellular effector. It remains unclear whether
SpMacpfA2 and the other proteins encoded by the SpMacpf genes act as a
bona fide part of the echinoderm complement system, however, the
expression pattern and timing of SpMacpfA2 in the immune cells in
larvae is strong inference that the encoded protein has immune
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Fig. 7. The SpMacpf proteins in Strongylocentrotus purpuratus. Iterative BLAST searches using human Macpf-containing proteins or Macpf domains identify candidate
Macpf genes in amphioxus and the sea urchin. Macpf proteins in amphioxus, Branchiostoma belcheri, and humans are shown for comparisons to the S. purpuratus
proteins. A - E. Chordate complement proteins C6-C9. A. B. belcheri C6-like (BAB47147.1). B. Human C6 (NP_001108603.2). C. Human C7 (NP_000578.2). D. Human
C8 (NP_000057.3). E. Human C9 (AAA51889.1). F. Human perforin-1 (AAA60065.1). G - H. Representative SpMacpfA subfamily domain architecture. G.
S. purpuratus MacpfAl (XP_011663960.2). H. S. purpuratus MacpfA2 (XP_030828941.1). S. purpuratus MacpfA3 (XP_011663960.2) and S. purpuratus MacpfA4
(XP_030845283.1) have the same domain structure (not shown). I - J. Representative SpMacpfB subfamily domain architecture. I. S. purpuratus MacpfBO
(XP_030842876.1). S. purpuratus MacpfB2 (XP_030842873.1) and S. purpuratus MacpfB3 (XP_030842872.1) have similar domain structure (not shown). J.
S. purpuratus MacpfB1 (XP_030842877.1). K - L. Representative SpMacpfC subfamily domain architecture. K. S. purpuratus MacpfC1 (XP_011676478.1). S. purpuratus
MacpfC3 (XP_030850321.1) has the same structure (not shown). L. S. purpuratus MacpfC2 (XP_030843828.1). An additional unannotated gene at LOC756464 in the
S. purpuratus genome encodes a Macpf-containing protein with similar domain organization as S. purpuratus MacpfC2 (not shown). M - P. SpMacpfD subfamily. This is
the only subfamily with predicted coiled-coil domains (green) and internal repeats (RPT1). M. S. purpuratus MacpfD1 (XP_784671.2). N. S. purpuratus MacpfD2
(XP_030842930.1) is also annotated as trichohyalin isoform X1. O. S. purpuratus MacpfD3 (XP_030835264.1). P. S. purpuratus MacpfD4 (XP_030843296.1). Q - R.
Representative SpMacpfE subfamily domain architecture. Q. S. purpuratus MacpfE1 (XP_030837414.1). R. S. purpuratus MacpfE3 (XP_030837815.1). S. S. purpuratus
MacpfE4 (XP_030837355.1) has the same structure (not shown). A previously annotated S. purpuratus MacpfE2 no longer exists in the genome (ver 5.0). S.

S. purpuratus MacpfF1 (XP_030837289.1). Red at C-terminus indicates the SP, magenta indicates low complexity regions, green indicates coil-coil domains. Vertical
lines designate exon/intron boundaries when provided in the SMART output. See Table 1 for definitions of domain abbreviations.
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Fig. 8. The SpMacpfA2 gene is expressed in larval immunocytes. A. Expression of SpMacpfA2 is induced at 48 hpf and increases into the early pluteus stage (84 hpf)
based on qPCR measurements of transcript prevalence. B. The number of cells expressing SpMacpfA2 increases during development. Cells expressing SpMacpfA2
during development were enumerated by whole mount in situ hybridization (WMISH) at each time point illustrating the number of SpMacpfA2* cells in individual
embryos or larvae. Mean + SEM are indicated. C - J. Detailed time course analysis of SpMacpfA2 expression in cells. C - E. SpMacpfA2™" cells are not apparent in
embryos prior to 48 hpf based on WMISH results. F. At 48 hpf, one to two cells expressing SpMacpfA2 are primarily localized near the tip of the archenteron. G - J.
From 60 hpf to larval stages (10 dpf), SpMacpfA2 expression is localized to cells within the blastocoel as well as in the larval arms and at the apex of the larval body. K
- L. The SpMacpfA2 gene organization and the green fluorescent reporter construct for SpMacpfA2. K. SpMacpfA2 genomic organization. SpMacpfA2 has ten exons, the
first of which is untranslated. Untranslated regions are shown as white boxes. Magenta exons designate the coding sequence of the Macpf domain and blue exons
designate the coding sequence of the ApeC domain (see Fig. 7H for SpMacpfA2 protein structure). L. The SpMacpfA2:GFP reporter construct includes 5.12 kb up-
stream of the start of transcription, plus the first intron. The GFP sequence replaces the SpMacpfA2 start of translation in exon 2. The sequences in K and L are drawn
to scale (scale bars are indicated below each sequence). The non-coding region in K is expanded in L and shows the position of the inserted GFP sequence in the
reporter construct. M - p. SpMacpfA2:GFP is expressed in globular cells. M, N. GFP™ cells (green) are evident at 48 and 52 hpf. O - p. After the globular cell population
differentiates, GFP is restricted to those cells in the arms, the body apex, and the blastocoel. Panel o is the arm bud region that is boxed in O and shows the GFP"
globular cell. The two p panels show the globular cell outlined in panel P with the GFP overlay added in the right panel p. This figure is modified and re-printed from
(AHo et al., 2016) according to the creative commons license, and from (Schrankel, 2017) as provided by the author.

The B chains have one or more conserved NPXY motifs in the Int_f§ cyt

B B . domain that link to the actin cytoskeleton through binding with talin,
200 4 o i v which is essential for initiating the cytoskeletal changes required for
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Tirrsh of e 10 RS [1W) Tirme Of scapisiurnt 10 Dbt o involved in binding opsonized target cells and particles, which activates

signaling that alters the cytoskeleton and cell shape through interactions
with the $2 chain that is required for phagocytosis (Dupuy and Caron,
2008; Groves et al., 2008).

Fig. 9. The SpMacpfA2 expression response varies over time during larval
exposure to the bacterial pathogen, Vibrio diazotrophicus. A. SpMacpfA2 gene
expression decreases in the first 4 hpi when larvae are incubated with
V. diazotrophicus (mean + SD, n = 4 qPCR replicates). B. The number of
SpMacpfA2™" cells, as assayed by WMISH, decreases significantly during the 8.2. CRI and CR2 receptors in echinoids
infection time course, but eventually recovers to pre-infection numbers by 24
hpi (Student’s t-test; horizontal lines, p < 0.005; dashed horizontal lines, p <
0.05). n, larvae counted in each sample. This figure is re-printed from Ho et al.
(2016) in accordance with the creative commons license, and from (Schrankel,
2017) as provided by the author.

The identification of CR1 and CR2 in echinoids is addressed below
with the complement regulatory proteins (see section 9.2).

8.3. The integrin receptors CR3 and CR4 in echinoids

functions.
Initial searches for genes encoding integrin proteins in the
8. Complement receptors S. purpuratus genome (ver 2.1) verified three integrin p chains, SppC,
SpPG, SppL (Fig. 11B, C) that had been reported previously (Marsden
8.1. Complement receptors in mammals and Burke, 1997; Murray et al., 2000), and identified a fourth, SppD

(Whittaker et al., 2006). All are expressed in embryos in different cells at
Mammalian complement receptor type 1 (CR1, CD35) and type 2 different times during development and SppC is also expressed in the
(CR2, CD21) are mounted on the surface of cells with the extracellular polygonal phagocyte type of coelomocytes (Fig. 11E). Searches of the

region composed exclusively of multiple CCP modules (Fearon, 1980; deduced integrins encoded in the S. purpuratus genome (ver 5.0) iden-
Gilbert et al., 2006; Weis et al., 1988). Human CR1 has 30 CCP modules tified several p integrins with domain structure similar to human p2
(Fig. 10A) and is involved in clearing soluble immune complexes coated (Fig. 11B, C). However, the sea urchin f integrins include EGF-like do-
with C3b and C4b from circulation (Merle et al., 2021). It also has mains that are not present in the human (2 integrin sequences. Each of
regulatory function and dissociates the C3/C5 convertase complexes and the Spp integrins have two NPXY motifs in the Int_p cyt domain that are
acts as a cofactor for factor I (FI) degradation of the thioester-containing consistent with binding talin and changes in the actin cytoskeleton that
proteins (Fig. 1) (Ross et al., 1982). CR2 is similar to CR1 but has 14 to are required for phagocytosis (Whittaker et al., 2006). SppC has a
16 CCP modules, depending on the isoform (Fig. 10B) (Gilbert et al., domain structure that is different from both human and other sea urchin
2006). It binds iC3b fragments and is present on the surface of B lym- p chains (Fig. 11D). It has a vVWF-A domain rather than INB domain and
phocytes and functions as part of the B cell receptor for antigen. CR2 appears to be a combination of domains that are present in human p
augments B cell responses and B cell receptor signaling through the chains and in human oM.
detection of C3b or iC3b fragments on pathogens (Carter et al., 1988; Searches of the deduced proteins on Echinobse.org identified o
Weis et al., 1988). integrin proteins in S. pururatus, Lytechinus variegatus, and Pateria mini-
Mammalian CR3 and CR4 are heterodimers and members of the ata (XP_038044656; not shown) with four to six Int.« domains
integrin protein family (Merle et al., 2021; Vorup-Jensen and Jensen, (Fig. 11H-J), similar but not directly comparable to the human oX

2018). They share the p2 chain (CD18) and have different o chains; CR3 protein that has three Int_a« domains (Fig. 11G). None of the matches to o
uses CD11b and CR4 uses CD11c (Merle et al., 2015a). The § chain chains in echinoids include a vWF-A domain that is present in human aM

structure has an N-terminal integrin p subunit (INB) domain, several (Fig. 11F). Results of searches indicate that the domain structures for the
EGF domains, an integrin p tail (Int_ tail) domain, a transmembrane integrin proteins encoded in the S. purpuratus genome show two types of
(TM) region, and an integrin f§ cytoplasmic (Int_f cyt) domain (Fig. 11A). B chains (Fig. 11B-D) and two o chains with different numbers of Int_«

domains (Fig. 11H, I). This leads to the hypothesis that the integrin-type
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Fig. 10. The complement regulatory proteins with CCP modules in Strongylocentrotus purpuratus. The domain organization of deduced complement regulatory
proteins from S. purpuratus are compared to the human proteins. A. Human CR1 (AAB60695.1). B. Human CR2 (NP_001006659.1). C. Human DAF (CD55)
(NF06964.1). D. Human MCP (CD46) (ABK81638.1). E. Human Factor H (CAA68704.1). F. Human C4b-binding protein (NP_000706.1). G. S. purpuratus CR1-likel
(XP_787776.4). H. S. purpuratus FH-likel (XP_030835056). 1. S. purpuratus FH-like2 (XP_789428.3). J. S. purpuratus FH-like3 (XP_030845742.1). K. S. purpuratus FH-
like4 (XP_030846616.1). L. S. purpuratus FH-like5L (Long variant) (XP_030847255). M. S. purpuratus FH-like5S (Short variant) (JT112571.1). The SP at the N-ter-
minus is indicated in red and low complexity regions are indicated in pink. See Table 1 for definitions of protein and domain abbreviations.

complement receptors for the sea urchin may have different f chains,
which is different from CR3 and CR4 in humans that share a f§ chain. We
speculate that the combination of two p chains and two or more « chains
may result in at least four integrin-type complement receptors. The
major phagocytic cell in sea urchins is the polygonal phagocyte that is
very efficient at phagocytosing foreign cells (Bertheussen, 1982a; Chou
et al., 2018). Because this cell type expresses SppC (Fig. 11E) it is
tempting to speculate that, when associated with an « chain, it recog-
nizes particles and foreign cells opsonized with SpC3b and induces
phagocytosis (Clow et al., 2004).

9. Regulators of complement activation
9.1. The complement regulatory proteins in vertebrates

The thioester sites are exposed when C3 and C4 are cleaved and
activated to C3b and C4b, or when C3 reacts with water to form C3
(H20). The exposed thioester sites are dangerous and potentially lethal
because they can form covalent bonds with hydroxyl or amine groups on
any molecule including those on self cells, and can lead to cell lysis.
Consequently, complement regulatory proteins in mammals are present
on both cell surfaces and in extracellular fluids to protect the host from
auto-attack by the complement cascade (Merle et al., 2015a). All pro-
teins encoded within the gene cluster of regulators of complement
activation (RCA) in mammalian genomes encode proteins with
remarkable similarity in structure and overall composition. They consist
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predominantly of domains referred to as short consensus repeats (SCRs)
or CCP modules that have a highly conserved globular 3D structure
(Krych-Goldberg and Atkinson, 2001). Commonly, distinct functions
such as inhibitory activities, binding to cell surfaces, or to other com-
plement components can be attributed to different CCP modules in each
regulatory protein. This modular organization of genes encoding repeats
of CCP modules may underpin the appearance of genes encoding hybrid
proteins with different arrays of CCP modules that have altered func-
tions (Pouw et al., 2015). Several CCP-containing complement regula-
tory proteins with similar structures are present on cell surfaces and
include CR1 (CD35), CR2 (CD21), membrane cofactor protein (MCP,
CD46) and decay accelerating factor (DAF, CD46) (Fig. 10A-D) (Kim
and Song, 2006). CR1, MCP, and DAF function in association with other
proteins to dissociate the C3 and C5 convertase complexes to block the
production of additional C3b and C5b fragments, thereby stopping the
activation pathways, the feedback loop of the alternative pathway, and
the terminal pathway (Fig. 1). The set of humoral regulatory proteins
with multiple CCP modules includes factor H (FH) and C4 binding
protein (C4BP) (Fig. 10E and F) that also function to dissociate the
C3/C5 convertases. Other humoral regulatory proteins that are not
composed of CCP modules include FI and C1q inhibitor (C1INH). Fl is a
serine protease that degrades C3b and C4b after dissociation from the
convertases and uses co-factors for function including CR1, FH, C4BP, or
MCP (Fig. 1). C1INH is a small protein composed of a single serine
protease inhibitor (serpin) domain (Fig. 14A) that functions to dissociate
the C1r/Cls/MASP proteins from Clq, MBL, and ficolins to block the
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classical and lectin activation pathways (Fig. 1) (Bos et al., 2002). The
S-protein, or vitronectin, and CD59 are cell surface regulatory proteins
that function to control the terminal pathway by associating with the
C5b678 complex to block the association and multimerization of C9 into
the MAC and thereby avoid lysis of self cells (Fig. 1) (Kim and Song,
2006).

In addition to FH, both humans and mice express proteins that are
highly similar to FH. These FH-Related (FH-R) proteins are individually
encoded in the RCA gene cluster and are composed solely of multiple
CCP modules like FH. Five Complement FH-R (CFH-R) genes have been
reported in humans, CFH-R1 to CFH-R5 (reviewed by (Skerka et al.,
2013)), and are arranged in tandem in the RCA gene cluster. All CFH-R
genes encode expressed proteins in addition to two proteins from
CFH-R4, FH-R4A and FH-R4B, based on alternative splicing (Jozsi et al.,
2005). Similarly, five MmFH-R genes in mice have been predicted in
silico, including MmFH-Ra to MmFH-Re of which the deduced proteins,
MmFH-Rb and MmFH-Rc, are expressed as alternative splice variants
(Hellwage et al., 2006). MmFH-Ra and MmFH-Rd are not expressed and
are assumed to be pseudogenes. The FH-R proteins lack CCP modules

Developmental and Comparative Immunology 140 (2023) 104584

Fig. 11. The integrin type complement receptors in
echinoids. Sea urchin genomes encode several heter-
odimeric integrin-like proteins with domains that are
consistent with o and p chains. A - E. Beta integrins.
A. Human p2 or CD18 (NP_000202.3). B. Strong-
ylocentrotus purpuratus integrin pG (NP_999732).
S. purpuratus integrin_f_1_A (XP_030845944) has the
same domain structure (not shown). C. S. purpuratus
integrin pL (NP_999731). D. S. purpuratus integrin fC
(NP_999730 or AAB39740.2) as reported by (Whit-
taker et al., 2006) and (Murray et al., 2000). E.
Integrin SppC is expressed in polygonal phagocytes. A
polygonal phagocyte in the center of the image ex-
presses SppC (orange). The discoidal cells (disc-like
morphology) are also large phagocytes but do not
express the SppC integrin. The anti-SppC antibody
was provided by Robert Burke (Murray et al., 2000).
The cells are counterstained for actin (green). Scale
bar indicates 10 ym. The image was provided by John
Henson (Dickinson College). This figure is modified
and reprinted with permission by Spring-
er/Nature/Palgrave, and appeared originally in Ad-
vances in Experimental Medicine and Biology
708:260-301. Echinoderm Immunity, LC Smith, J
Ghosh, KM Buckley, LA Clow, NM Dheilly, T Haug,
JH Henson, C Li, CM Lun, AJ Majeske, V Matranga,
SV Nair, JP Rast, DA Raftos, M Roth, S Sacchi, CS
Schrankel, K Stensvég. © 2010. F - J. Alpha integrins.
F. Human oM or CD11c (NP_001139280.1) is a sub-
unit of CR3. G. Human oX or CD11b (EAW52140.1) is
a subunit of CR4. H. S. purpuratus integrin_o_PS1
(XP_030846529). 1. S. purpuratus integrin_o P
(NP_999642). J. Lytechinus variegatus integrin_o-9-like
(XP_041477995.1). Pateria mineata integrin_o-9-like
(XP_038044656) has the same domain structure (not
shown). Integrin Spa-V (XP_030836102) from
S. purpuratus has two Int_a domains but no TM region
(not shown). TM, a putative transmembrane region,
which is indicated as a low complexity region (pink),
has 17 to 20 hydrophobic amino acids. Vertical lines
designate exon/intron boundaries when provided in
the SMART output. See Table 1 for definitions of
domain abbreviations.
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that are homologous to the first four CCP modules of human FH, sug-
gesting that the FH-R proteins do not function directly for regulating
complement activation. Although the functions of all mammalian FH-R
proteins are not completely understood, the current hypotheses for the
functions of the human FH-R proteins are that they act as de-regulators
of the complement system by competing with FH for binding to cell
surfaces and to C3b (Hellwage et al., 2006).

9.2. The echinoderm regulatory proteins

9.2.1. The regulatory proteins with CCP modules

Information on the complement regulatory proteins in non-
mammalian vertebrates is scarce, and is practically absent for in-
vertebrates. Searches for and investigations of complement regulatory
proteins in non-mammals and invertebrates is particularly complex
because of the similarities in sequence and protein structure that leads to
difficulties in predicting putative sequence similarities to those in
mammals. This may be an outcome of sequence variability over evolu-
tionary time that originated through mechanisms of gene duplication/
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deletion and exon/domain shuffling, in addition to splice variants that
result in genes encoding multiple CCP-containing proteins. Conse-
quently, functional similarities among complement regulatory proteins
cannot be identified based on evolutionary relatedness or sequence
similarities, as is typical for other proteins. Furthermore, the CCP
modules, as in SpBf proteins, may vary in number within and among
species, and can include differences based on alternative splicing (see
section 4.2.2). For example, in some of the sequences that we report
here, we identified transcripts encoding variant numbers of CCP mod-
ules with no information as to whether these differences are due to
splicing or transcription from separate genes. Consequently, efforts to
identify similarities among proteins composed almost entirely of CCP
modules can only be carried out by comparing the different CCP mod-
ules rather than considering the structure of the entire protein.

The several proteins with multiple CCP modules suggest evolu-
tionary selection based on the number and organization of these mod-
ules. When invertebrate genomes or transcriptomes are searched for
sequences encoding mammalian-like complement regulatory proteins,
matches can include proteins encoded by alternatively spliced mRNAs,
pseudogenes, and variant genes generated by exon shuffling, or errors in
deducing mRNAs from genomic sequences that result in sequence
kinship relationships that are difficult to reconstruct by phylogenetic
analysis. Unfortunately, the Illumina platform, which is currently the
most widely used sequencing technology for transcriptomes, produces
short sequences that are deconvoluted to produce full length cDNAs,
which is not optimal for sequences with multiple copies of the same
short domain that appear as repeats. The use of long read sequencing is
expected to improve the assembly of the CCP-encoding genes and
transcripts and should clarify and establish the complement regulatory
proteins in a wide range of animals. However, given these difficulties,
we attempt to clarify the functional predictions of the CCP-containing
complement regulatory proteins by identifying them from transcripts
in transcriptome databases, and determining whether these mRNAs are
present in two sea urchin tissues of interest based on gene expression
analyses. Results focus on identifying the complement regulatory pro-
teins in the California purple sea urchin, Strongylocentrotus purpuratus,
and to a lesser extent in the Mediterranean purple sea urchin, Para-
centrotus lividus. The S. purpuratus genome (ver 5.0) on Echinobase.org
and the NCBILgov database were searched using HsCR1 and HsFH
(Fig. 10A, E) to identify echinoid proteins with repeated CCP modules
including some with a TM region. Very long putative transcripts
(deduced from genomic sequences) were identified encoding multiple
CCP modules, but also included many other domains in random order
without any similarity to known proteins and may be the result of
chimeric transcripts. After all proteins with anomalous domain organi-
zation were eliminated, several deduced proteins were identified with
domain organization consistent with FH, DAF, and MCP. However, for
continuity with the nomenclature used for many annotated sequences
with many CCP modules, all have been defined as SpFH-like even if they
may have CCP modules that are similar in number to other CCP-
containing proteins.

The CCP-containing proteins for S. purpuratus have a number of
domains in common. SpFH-likel contains an SP and five CCP modules
(Fig. 10H), SpFH-like2 has an SP and six CCP modules (Fig. 10I), SpFH-
like3 is missing the SP and has 12 CCP modules that are intermingled
with three hyalin repeats (HYRs) (Fig. 10J), SpFH-like4 is also missing
the SP and has 16 CCP modules intermingled with six HYRs, plus two
putative ephrin receptor-like domains at the C-terminus (Fig. 10K).
SpFH-like5L (Long variant) (Fig. 10L) has an SP and nine CCP domains
whereas SpFH-like5S (Short variant) (Fig. 10M) has an SP and five CCP
domains. SpCR1-likel (Fig. 10G) has a TM region that is consistent with
HsCR1, plus 11 CCP modules, however, it also has a zona pellucida (ZP)
domain, which is unlike HsCR1. Comparisons among the FH-like se-
quences indicate that SpFH-likel has a region of 330 amino acids near
the N-terminal end that is similar to the same region of SpCR1-likel
(89.1% identity and 97.3% similarity; (EMBL-EBI Lalign tool;, www.
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ebi.ac.uk/Tools/psa/lalign/). However, the first 50 amino acids at the
N-terminus of these two proteins are different, which includes the SP in
SpFH-likel that is missing from SpCR1-likel. To determine whether
these two proteins are the outcome of alternative splicing, genome
analysis indicated that they are encoded by different genes positioned on
different scaffolds.

Of the CCP-encoding genes, expression from 11 were selected for
further investigation by PCR amplification of cDNAs derived from coe-
lomocytes and the axial organ from S. purpuratus using primers for
specific sequences (Table S1). Only seven are expressed in these two
tissues (Fig. 12) and those with FH similarities encode SpFH-likel,
SpFH-like2, SpFH-like3, SpFH-like4, SpFH-like5L, and SpFH-like5S
(Fig. 10H-M). However, the expression patterns for most of these
SpFH-like genes show differences for expression in coelomocytes
compared to the axial organ. Genes encoding SpCR1-likel, SpFH-likel,
and SpFH-like5L are all expressed in the axial organ, but not the coe-
lomocytes (Fig. 12A, B), whereas the genes encoding SpFH-like3 and
SpFH-like4 are expressed in both the axial organ and coelomocytes
(Fig. 12A). It is noteworthy that the axial organ is reported as a site for
coelomocyte hematopoiesis (Golconda et al.,, 2019) and that large
phagocytes are present in the axial organ (Majeske et al., 2013).

When the repertoire of primers designed for S. purpuratus transcripts
encoding CCP-containing proteins are used to amplify cDNAs from
Paracentrotus lividus coelomocytes, only one primer pair (SpCR1FH1 For
and SpCR1FH1 Rev, Table S1) results in an amplicon of about 250 bp
that has significant sequence similarity with the transcripts from
S. purpuratus. Failure of the other primer pairs to generate amplicons
from P. lividus cDNAs may be attributed to a variety of possible reasons.
Although it is probable that the CCP-containing proteins are highly
variable within and among species, as suggested from results for Ciona
intestinalis (Sommer et al., 2012), similar sequence among echinoid
species indicates sequence conservation and suggests important protein
function.

To ensure that some of the deduced proteins were not the outcome of
alternative splicing of transcripts from the same gene, primers were
designed to amplify the full-length coding region of the transcripts
(Table S1). The amplicon for SpFH-like2 appeared as a single band of the
expected size (Fig. 12C) and the sequence matched that in the NCBI
database. Alternatively, the amplicon for SpFH-like5S was shorter than
expected (primer pair SpFH-like5 CDS For and SpFH-like5 CDS Rev,
Table S1) and the first four of five CCP modules in SpFH-like5S were
duplicated in SpFH-like5L that had a total of nine CCPs (Fig. 10L, M). To
determine whether SpFH-like5L and SpFH-like5S were the outcome of
alternative splicing, a range of annealing temperatures were used for
this pair of primers, however, amplicons of a longer transcript were not
generated (Fig. 12C). Searches of the available genomic sequences did
not identify sequences to suggest the presence of a duplicated gene with
fewer exons consistent with SpFH-like5S. Instead, searches of the Sp
Transcriptome Shotgun Assembly database identified a transcript
(JT112571.1) with sequence identical to that encoding SpFH-like5S
suggesting that alternative splicing of transcripts from the same gene
may encode both the short and long proteins. To date, the functions of
different CCP modules are not known, but considering that this module
is present in many of the complement regulatory proteins, in addition to
Bf and C2 in vertebrates and echinoids, CCP modules in SpBf may
interact with SpC3b, and CCP modules in the regulatory proteins may
function to dissociate the convertases through binding competition with
SpBb for SpC3b.

9.3. Non-CCP regulatory proteins

There are several complement regulatory proteins that function in
humans and do not include CCP modules. Human factor I (FI), prior to
processing into two chains, is composed of a variety of domains with an
SP, a FIMAC domain, a domain with many serines and arginines (SR),
two low-density lipoprotein receptor class A (LDLa) domains, and a
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y  Fig. 12. The genes encoding putative complement

regulatory proteins with CCP modules are expressed
in coelomocytes and the axial organ. A, B. RT-PCR
was used to verify expression of genes encoding
CCP-containing proteins in coelomocytes and/or the
- axial organ from Strongylocentrotus purpuratus (see
Table S1 for primer sequences). C. Different annealing
temperatures are used to differentiate expression of
SpFH-like5L and SpFH-like5S in the axial organ.
Amplification of the entire coding region for SpFH-
like2 is also shown. Gene expression is shown for
S. purpuratus FH-like3 (JT102339.1 or

XM_030989882.1), S. purpuratus FH-likel
(XM_030979196.1), S. purpuratus FH-like5S or SpFH-
like5L (XM_030991395.1), S. purpuratus CRI-likel

(XM_782683.5), S. purpuratus FH-like4 (XM_030990756.1), and S. purpuratus FH-like2 (JT115129). The positive control (Crtl+) amplicon is cytoplasmic actin. Images
of gels in A and B have been modified to delete blank lanes, which does not change the results that are shown. Relevant sizes of DNA standards are indicated.

trypsin-like serine protease (Tryp_SPc) domain (Goldberger et al., 1984).
Protein BLAST searches for similar proteins on Echinobase.org and
NCBI.gov resulted in a few echinoderm proteins with serine protease
domains, but each included many other domains in different organiza-
tions that are not consistent with a vertebrate FI protein. The failure to
identify an echinoderm FI is not consistent with the presence of C3
homologues because of its important functions in mammals to degrade
thioester proteins that have opsonized surfaces or have been activated in
solution. SpFI may have a different organization of domains and
therefore cannot be identified by protein BLAST, or the gene may be
present in a poorly assembled region of the genome and will become
apparent as the assembly continues to be improved.

The human C1IHN protein is a small protein with a signal sequence, a
low complexity region, and a single serpin domain (Fig. 13A). Searches
of echinoderm proteins with the human C1IHN results in two proteins
with single serpin domains that are annotated as an elastase inhibitor-
like in S. purpuratus and a serpin B6-like in the sea star Acanthaster
planci (Fig. 13B, C). Both echinoderm proteins are missing the N-

A. HsC1IHN

i

B. SpSerpin
SERPIN

C. ApSerpin BB-like

Fig. 13. C1INH/serpins in echinoderms. Deduced proteins with a single serpin
domain that are consistent with a C1 inhibitor (C1INH) domain structure, are
encoded in the genomes of Strongylocentrotus purpuratus and the crown-of-
thorns sea star, Acanthaster planci. The echinoderm proteins with the most
similar structure to human ClINH are shown. A. Human C1 inhibitor
(NP_001027466.1). B. S. purpuratus serpin (XP_003730975.1) is annotated as
leukocyte elastase inhibitor-like. C. A. planci serpin B6-like (XP_038050239.1).
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terminal region relative to the human sequence, and although these
have a single serpin domain similar to human C1IHN, it is only specu-
lative that these echinoderm proteins may be C1INH analogues.

Vitronectin, or S protein, is a small humoral protein with a somato-
medin B domain and four hemopexin-like repeats (Preissner, 1991). It
associates with the C5b67 complex to which C8 and C9 can be added, and it
functions to block insertion of the complex into membranes and therefore
remains in solution (Fig. 1). Vitronectin also blocks the lytic functions of
perforin (Tschopp et al., 1988). Searches of echinoderm proteins encoded
in the genomes at Echinobase.org with human vitronectin (NP_000629.3)
identifies asteroid proteins (XP_022104779.1, XP_038046937.1) with four
hemopexin-like repeats, but these proteins do not include a somatomedin
B-like domain (not shown), and therefore are unlikely to be vitronectin
analogues. The absence of this protein with functions to regulate the ter-
minal pathway is consistent with the absence of genes encoding proteins in
the terminal pathway in echinoids (see section 7.2).

Human CD59 regulates the terminal pathway by binding C8 that
blocks binding and polymerization of C9 into the MAC (Meri et al.,
1990). It is a highly glycosylated protein that associates with cell surfaes
by a GPI linkage, and has a Ly-6 antigen/uPA receptor-like (LU) domain
(van den Berg et al., 1995). The initial annotation of the S. purpuratus
genome sequence (ver 2.1) reported two genes encoding SpCD59 pro-
teins (XP_003724103, XP_030845206) (Hibino et al., 2006). However,
when evaluated for domains, these proteins do not include the LU
domain that is present in human CD59 (not shown). Furthermore,
alignments with the human CD59 and the two reported SpCD59 se-
quences show little similarities except for an N-terminal hydrophobic
region consistent with an SP, a few cysteines that align among the
proteins, and a hydrophobic region at the C-terminus. Searches of
echinoderm proteins encoded in the genome (ver 5.0) at Echinobase.org
or at NCBIL.gov do not identify matches with CD59 sequence or domain
similarity. The inability to identify SpCD59 is consistent with the
inability to identify vitronectin and members of the terminal pathway in
the echinoderm complement system.

10. The theoretical complement system in echinoids

The thioester proteins are the key to understanding the functions of
the complement system in echinoids. The two SpC3 homologues and the
absence of SpC4 and SpC5, indicates that the classical activation pathway
is absent, that the lectin pathway functions through a variety of initiating
proteins, and that the terminal pathway is missing (Fig. 14). The
Clr/Cls/MASP analogues are not found in the echinoid genomes, which
is unexpected because they are essential for the classical and lectin
activation pathways to run in the mammalian complement cascade. The
echinoid MASP family proteins may have a different domain structure
and therefore are not identified with the search methods employed here.
However, it is noteworthy that they are present in asteroid genomes,
perhaps suggesting a significant difference in the asteroid vs. echinoid
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Fig. 14. The sea urchin complement system based on
searches of deduced proteins encoded in the genome.
This diagram of the echinoid complement system is
based on the mammalian system (Fig. 1) with un-
identified components and activities indicated in
gray. The expanded family of SpMacpf proteins (blue)
may have anti-pathogen lytic functions that may or
may not be associated with the echinoid complement
system. See Table 1 for definitions of protein abbre-
viations. 'Proteins encoded in asteroid genomes but
not in echinoids.
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lectin activation pathway. The alternative pathway in S. purpuratus
may be intact, although verifying the putative function(s) of the SpDf
protein(s) will likely require biochemical evaluation for cleaving one or
more of the SpBf proteins as has been demonstrated for HsDf (Volanakis
and Narayana, 1996). Both the lectin and alternative pathways and the
activation of one or both SpC3 proteins suggest that opsonization is an
essential and perhaps the only anti-pathogen function of the complement
cascade in echinoids. This is consistent with the presence of multiple
a and p integrin chains that may be an expansion of CR3-like and CR4-like
analogues that function in phagocytosis of opsonized foreign cells and
particles by a subset of highly phagocytic coelomocytes. A major differ-
ence between the vertebrate and echinoid complement system is the
absence of the terminal pathway (Fig. 14). Echinoderm analogues of C5
through C9 are not identified and neither are analogues of the regulatory
proteins, CD59 and vitronectin, that, in mammals, regulate the terminal
pathway. Although this suggests that the echinoid complement system
does not produce MAC for pathogen killing or lysis, the expansion of the
SpMacpf-containing proteins in S. purpuratus suggests that pathogen
killing may employ a different mechanism that may or may not be linked
to complement activation.

10.1. Potential function of Macpf-containing proteins beyond complement

The extreme diversification of genes encoding Macpf-containing
proteins across the tree of life has led to the hypothesis that ancestral
proteins with Macpf domains conferred the capacity to remodel mem-
branes perhaps for fundamental developmental or metabolic functions,

CR3, CR4
integrins

18

fragments

%

CR1

and that this remodeling was eventually co-opted for attack and defense
in complement and cytotoxic pathways (Anderluh et al., 2014). The
proteins in S. purpuratus with Macpf domains share a consensus
sequence of Y/W-G-T-H-F/Y-X4-G-G, which is the most conserved motif
in the domain and is present across all phyla (Anderluh et al., 2014). The
highly conserved glycine residues (in bold) are essential for the func-
tions of proteins with Macpf domains because they enable the confor-
mational changes necessary for insertion into lipid membranes (Gilbert
et al., 2013; Hadders et al., 2007).

The SpMacpf proteins may have a variety of immune functions
related to membrane remodeling and it is unknown whether they are
independent of the complement pathway. Some of the SpMapcf proteins
may have functions more analogous to perforin than to the terminal
complement components. In mammalian cytotoxic T lymphocytes and
NK cells, the perforin-1 protein that is composed of an SP, a Macpf
domain, and a unique protein kinase C conserved region 2 (C2) domain
(Fig. 7F), is exocytosed from the cytotoxic cell directly onto the target
cell to initiate apoptosis (McCormack et al., 2013). In this scenario,
extracellular calcium ions catalyze the perforin Macpf domains to form a
pore in the target cell membrane, which enables other cytotoxic effec-
tors to be transported into the target cell cytoplasm (Baran et al., 2009;
Law et al., 2010; Lopez et al., 2013). Although perforin-1, and by
extension, the exocytosis pathway, is exclusive to jawed vertebrates
(D’Angelo et al., 2012), other cytotoxic-mediated immunity has been
demonstrated in invertebrate chordates that have genes encoding
C6-like proteins with Macpf domains (Fig. 7A) (Nonaka, 2014; Suzuki
et al., 2002; Wakoh et al., 2004). Interestingly, although there is only a
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single perforin gene in mammals, lineage-specific expansions have
occurred in frogs and fish (D’Angelo et al., 2012), suggesting that
divergent perforin isoforms may indeed exist and function in deutero-
stome immune systems. The function and mode of action of these
vertebrate proteins will require elucidation that may help define the
functions of the echinoid analogues with regard to the complement and
immune system.

10.2. The complement regulatory system in echinoids

The sequences obtained from protein searches and the comparisons
among proteins, transcripts, and genes are only the first step in identi-
fying and organizing the multiple sequences in the databases that
encode complement regulatory proteins with multiple CCP modules.
Currently, the benefits of the multiple transcriptional variants and/or
genes encoding CCP-containing regulatory proteins with similar domain
structure, but different sequences are not understood. We hypothesize
that at least some of these proteins function in regulating the echino-
derm complement system. When a host contacts a foreign cell or a
foreign tissue and an SpC3 or other SpTecp is activated, controlling
opsonization by covalent bond formation from the thioester site that
augments phagocytosis (Clow et al., 2004) is required and is likely based
on the activity of one or more of the CCP-containing regulatory proteins.
The presence of complement regulatory proteins mounted on host cell
surfaces is essential for protecting self cells from complement attack,
whereas their absence on the surface of foreign cells and particles results
in opsonization from thioester bond formation leading to phagocytosis
and destruction by phagocytes. Future efforts towards better under-
standing of the nature of the echinoid regulatory proteins, including
when and where they are expressed, and their functions in the com-
plement system, will require biochemical analyses of the regulatory
system that protects the host from auto-attack.

10.3. Conclusion

For many of the deduced proteins that are reported here, we have
only taken the first step in their identification through protein and
domain BLAST searches followed by domain analysis of the individual
sequences. For a few, more information is available on expression pat-
terns and initial analyses of function. This overview of the genes and
encoded proteins in echinoderm genomes, with a focus on the purple sea
urchin, has resulted in a hypothetical outline of the structure and pu-
tative functions of the echinoderm complement system (Fig. 14), which
may be used by others as a basis for addressing the functions of these
proteins. In some cases, our results suggest that the echinoderm com-
plement system may vary among the different classes. Commonalities
show that C3 homologues are key to the system, which appears to be
true for all animal phyla, that the lectin and alternative pathways are
essential, that the terminal pathway may only function in vertebrates,
and that the echinoderms may employ the expanded Macpf-containing
proteins as an alternative approach for pathogen lysis.
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