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Ascidian cytotoxic cells: from zero to hero
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Abstract

Until four decades ago, ascidian cytotoxic cells were considered too differentiated to exert any
important function in the biology of the organisms. Their unique accepted roles were related to tunic
synthesis and storing nutrients (trophocytes) useful to support other processes. Things changed
starting from the beginning of the eighties of the last century when it progressively became clear that
they are directly involved in inflammatory reactions. In the last decade, it was ascertained that these
cells, once neglected, deeply influence ascidian biology, as they are the main source of cytokines
modulating the activity of immunocytes, and of the majority of the complement components that
assure correct immune responses. Moreover, they can also produce and release antimicrobial
peptides that protect the organism from infections.
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Introduction

Ascidians are filter-feeding, sessile marine
animals representing the majority of the biodiversity
of tunicates, the vertebrate sister group (Delsuc et
al., 2006). They include both solitary and colonial
species and are characterized by the presence of
the tunic (hence the name tunicates), the external
covering that protects the organisms, rich in fibers
(mainly collagen and tunicin, a form of cellulose)
and cells immersed in an extracellular matrix
secreted by the epidermis. They have an open
circulatory system that can enter the tunic forming a
series of vessels lined by epidermal expansions.
The circulatory fluid is a colorless hemolymph
containing a variety of circulating cells, known as
hemocytes that can be grouped in three main
categories: undifferentiated (stem?) cells,
immunocytes (i.e., cells in charge of the immune
responses) and storage cells, such as nephrocytes
and pigment cells (Cima et al, 2016). As
invertebrates, ascidians rely only on innate immune
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responses, mainly mediated by circulating
immunocytes that include phagocytes and cytotoxic
cells (Franchi and Ballarin, 2017).

Phagocytes are amoeboid cells that turns to
round morphology upon the ingestion of foreign
material (Ballarin and Cima, 2005; Cima et al.,
2016). Besides the engulfment of nonself cells or
particles, they are involved in the clearance of
apoptotic cells (Cima et al., 2010), in the synthesis
of lectins facilitating phagocytosis (Gasparini et al.,
2008; Bovo and Ballarin, 2023), and in the control of
the budding activity in colonial species
(Voskoboynik et al., 2004).

Cytotoxic cells are cells containing granules,
i.e., vesicles containing electron-dense material,
inside their cytoplasm that, in many cases, confer
them a berry-like shape after fixation, hence the
name of morula cells (MCs) frequently used in the
literature (Franchi and Ballarin, 2016). Out from
some indications that these cells could be important
as trophocytes (i.e., cells storing nutrients useful for
other cells) or for the synthesis of the tunic (Endean,
1960; Overton, 1966; Smith, 1970; Milanesi and
Burighel, 1978; Wright, 1981), they were
substantially neglected in the past as considered too
differentiated to exert any important role in the
biology of ascidians. Four decades ago, Chaga
(1980) demonstrated that, in some ascidians,
granules of cytotoxic cells store the enzyme
phenoloxidase (PO), a key enzyme in invertebrate
inflammation (Nappi and Ottaviani, 2000; Cerenius
and Soderhdll, 2004). Subsequent research
contributed to discover the numerous and important
roles of these cells in immunomodulation.



Therefore, ten years after my first review on
ascidian cytotoxic cells (Ballarin, 2012), | present
and discuss here the acquisitions of the last decade
stressing the importance of these cells in ascidian
immune responses.

Ascidian cytotoxic cells as phenoloxidase-
containing cells

After the above-reported paper by Chaga
(1980), the presence of PO was demonstrated in
many species and all the reports agree in indicating
cytotoxic cells as the PO-storing cells (Smith and
Sdderhall, 1991; Akita and Hoshi, 1995; Arizza et
al., 1995; Frizzo et al., 2000; Parrinello et al., 2003),
so that these cells can be collectively called PO-
containing cells (POCCs), independently of their
morphology that can change in different species.
POCCs have been particularly studied in the solitary
species Ciona robusta (formerly C. intestinalis type
A), where they are represented by two hemocyte
types (i.e., granulocytes and univacuolar refractile
granulocytes; Vizzini et al., 2015a) and the colonial
ascidian Botryllus schlosseri, where they are known
as MCs (Ballarin and Cima, 2005; Fig. 1).

In C. robusta, the transcription of the two
identified PO genes, Ci-PO1 and Ci-PO2
(Immesberger and Burmester, 2004; Cammarata
and Parrinello, 2009) by POCCs is enhanced in
response to the recognition of nonself molecules,
such as bacterial LPS (Vizzini et al., 2015a). An
additional protein, named tuphoxin, with similarity to
mollusc hemocyanin and showing PO activity was
recently described, again located in POCCs, in the
solitary species Styela rustica and Halocynthia
aurantium (Daugavet et al., 2022).

In B. schlosseri, POCCs (MCs) act as sentinel
cells that respond to the presence of nonself
molecules by degranulation and the consequent
release of PO (Franchi and Ballarin, 2016). The
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polyphenol substrata, also stored inside MC
granules (Franchi et al., 2015), are likely the
tunichromes, described in many ascidian species
and considered fragments of larger DOPA-
containing  proteins  (see  below). Indeed,
tunichromes and DOPA-containing proteins are
stored inside Botryllus MCs (Franchi et al., 2015).
The oxidation of the polyphenol substrata leads to
the production of reactive oxygen species (ROS)
that are the main cause of the cytotoxicity induced
by these cells (Ballarin et al., 2002). Once released,
PO is embedded in an amyloid network that limits its
diffusion to the immediate neighborhood of POCCs
(Franchi et al., 2019).

POCCs, wound healing and tunic formation

Various results indicate that POCCs are
involved in the repair of damaged tissues. Ascidians
lack a coagulation system and plugging of the
injured sites relies on hemocytes that migrate and
aggregate to prevent hemolymph leakage. In the
solitary ascidian Halocynthia roretzi, the aggregation
of hemocytes is promoted by “vacuolated cells
containing several vacuoles of high density”, clearly
corresponding to MCs (Takahashi et al., 1994) and
is mediated by a membrane glycoprotein containing
two immunoreceptor tyrosine-based activation
motifs (ITAMs), which strongly suggests its
involvement in signal transduction pathways
(Takahashi et al., 1995, 1997). Indeed, subsequent
analyses demonstrated that, during the aggregation
of hemocytes, it activates phosphatidylinositol-3
kinase (PI3K)-mediated pathways leading to
cytosolic Ca?* rise and gene transcription (Azumi et
al., 2005).

In the congeneric species in H. aurantium, tunic
incisions induce the recruitment of MCs at the
wound edge followed by the deposition of new
matrix. (Smith, 1970). The involvement of H. roretzi
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Fig. 1 Circulating POCCs from various ascidian species. (a) MCs from the colonial ascidian Botryllus schlosseri;
(b) MC from the solitary species Styela plicata showing the dark-brown reaction product, consequent to hemocyte
incubation with L-DOPA, due to the activity of PO; (c) univacuolar refractile granulocyte from the solitary species
Ciona robusta; (d) granulocyte from C. robusta. Scale bar: 5 um
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POCCs in the formation of the tunic matrix was
suggested various times in the past, mainly based
on similar histochemical properties of POCC
granular content and tunic fibres. Studies of tunic
regeneration and electron microscopic analyses
support this view (Wardrop, 1970; Anderson, 1971;
Endean, 1960, 1961; Smith, 1970; Goodbody, 1975;
Chaga, 1980; De Leo et al., 1981; Wright, 1981).
The topic came of interest again in recent years
when it was clear that POCC granules contain
tunichromes, presumably fragments of larger
dihydroxyphenylalanine (DOPA)- or
trihnydroxyphenylalanine (TOPA)-containing
molecules (Bruening et al., 1986; Oltz et al., 1988;
Kustin et al., 1990; Martoja et al., 1994; Taylor et al.,
1997; Sugumaran and Robinson, 2012).
Tunichromes are polyphenols that can act as PO
substrates and form quinones that, in turn, are
capable of crosslinking various proteins in vitro once
their phenol rings are oxidized by PO or tyrosinase
(Cai et al.,, 2008). Similar reactions occurs in the
formation of mussel byssus and in the sclerotization
of insect cuticle (Sugumaran and Robinson, 2012).
Indeed, tunichromes are stored inside POCC
granules and, once released, react with and cross-
link the tunic fibers so to harden the tunic matrix
(Cai et al., 2008; Sugumaran and Robinson, 2012).

POCCs, PO and inflammation

Solitary ascidians

Many evidences support the pivotal role of
POCCs in ascidian inflammatory reactions and the
consequent induction of cytotoxicity. In Molgula
manhattensis, glass fragments inserted in the
branchial sac induce a selective and massive
recruitment of POCCs (MCs) that adhered to the
glass surface to form a capsule and released
granular content, in the form of dark material (likely
melanin deriving from the polymerization of the
quinones, produced by PO activity) of the glass
surface. A similar recruitment of POCCs was
observed in grafts (either auto- or allografts) of
fragments of branchial tissue in the branchial sac
(Anderson, 1971). In Styela plicata, tunic
transplantations leads to a selective recruitment of
POCCs (MCs) in the graft region reaching a peak at
20 days after grafting (Parrinello et al., 2003). In the
case of allografts, the recruitment is significantly
increased and followed by diffuse cytotoxicity
(Raftos et al., 1987, 1990; Parrinello, 1996). In the
same species, in vitro incubation of hemocytes with
mammalian tumor cells leads to a cytotoxic activity
towards target cells, clearly mediated by MCs
(Cammarata et al., 1995), presumably through the
release of PO. Analogously, in the Japanese
species H. roretzi, the co-incubation of hemocytes
from different individuals results in the “contact
reaction” characterized by the release of PO by
POCCs and the induction of cytotoxicity (Akita and
Hoshi, 1995; Fuke, 2001). The release of PO was
also observed following the challenge of hemocytes
with sheep erythrocytes, yeast cells, zymosan and
bacterial lipopolysaccharides (Hata et al., 1998). In
C. robusta, eight weeks after grafting, tunic
allotransplants showed increased concentrations of
granulocytes (one of the POCC types) along the
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graft-host interface (Reddy et al., 1975; Longo et al.,
2021). Parrinello and collaborators studied various
aspects of the responses consequent to the
injection of foreign cells (e.g., mammalian
erythrocytes) or molecules (e.g., LPS) in the body
wall (formed by the epidermis, the peribranchial
epithelium, and the mesenchymal derivatives
between the two epithelia). In each case, an
inflammatory reaction was observed with the
selective recruitment of POCCs in the pharyngeal
vessels and their migration in the tunic region close
to the injection area, and the successive induction of
cytotoxicity (De Leo et al., 1996, 1997; Parrinello et
al., 2018).

Colonial ascidians

The main inflammatory event occurring in
colonial ascidian is the allorejection reaction
observed in botryllid ascidians, mainly studied in B.
schlosseri and Botryllus primigenus. It leads to the
formation of a series of dark, necrotic spots along
the contacting borders of genetically incompatible
colonies that do not share any allele at the highly
polymorphic  fusibility/histocompatibility ~ (Fu/HC)
locus (Oka and Watanabe, 1957, 1960; Sabbadin,
1962; Oka, 1970; Mukai and Watanabe, 1974;
Scofield et al., 1982; Taneda et al., 1985; Rinkevich,
1992; Sabbadin et al., 1992; Saito et al., 1994; De
Tomaso et al.,, 1998; De Tomaso, 2006). As in
vertebrates, inflammation in these colonial ascidians
involves the selective recruitment of cytotoxic
immunocytes (MCs), their extravasation into the
tunic where they finally degranulate, releasing their
granular content and inducing cytotoxicity (Taneda
and Watanabe, 1982; Ballarin et al., 1995; Hirose et
al., 1997; Shirae and Saito, 2000; Shirae et al.,
2002; Cima et al., 2004). In B. schlosseri, where the
series of events taking place during the allorejection
reaction has been particularly studied, the partial
fusion of the facing tunics occurs, so to allow the
diffusion of unknown soluble factors from one
colony to the other. These molecules are
recognised by MCs that represent the most
abundant circulating hemocyte type (40-60% of the
total hemocytes; Ballarin and Cima, 2005) that, as a
consequence, are selectively recruited inside the
lumen of the blind endings of the colonial
vasculature distributed along the periphery of the
colony, known as ampullae, and induced to migrate,
crossing the ampullar epithelium, into the tunic
facing the alien colony. Here, they degranulate
releasing active PO and its polyphenol substrata
that, in turn, lead to the formation of the
characteristic cytotoxic spots along the contact
borders (Franchi and Ballarin, 2017; Franchi et al.,
2019). The amyloid fibres formed by the amyloid
precursors, also released by MCs, prevent the
spreading of cytotoxicity (Franchi et al., 2019).
Ascidian  cytotoxic cells: and
cooperation with phagocytes

cytokines

POCCs represent the main site of synthesis
and release of cytokines (mainly pro-inflammatory)
in ascidians. The humoral factors, involved in the
modulation of immune response, released upon the
recognition of nonself have been particularly studied



in species of the genus Ciona where the
cooperation between POCCs and phagocytes was
first reported (Smith and Peddie, 1992). A
homologue of the human IL17 gene, a
proinflammatory gene recruiting immunocytes and
stimulating phagocytosis (Shahrara et al., 2009;
Silverpil et al.,, 2011; Halwani et al., 2014) was
identified in C. intestinalis (Dehal et al., 2002; Azumi
et al., 2003; Shida et al., 2003; Terajima et al. 2003)
and is present also in C. robusta: it is expressed by
POCCs and its transcription is upregulated by the
intratunical injection of LPS. The upregulation is
associated with the recruitment of a large amount of
POCCs in the pharynx vessels (Vizzini et al,
2015b). In the same species, a fraction of POCCs
transcribes the genes for TNF-a and TGF-3
homologues with a clear enhancement during LPS-
induced inflammation (Parrinello et al., 2008; Vizzini
et al., 2016). Furthermore, granulocytes (part of the
Ciona POCCs) actively transcribe a homologue of
mammalian pentraxin and macrophage migration
inhibitory factor 1 (Mifl) upon the recognition of
nonself (Vizzini et al., 2021; Dumas et al., 2023).

In the colonial ascidian B. schlosseri, MCs are
the first cells to sense nonself molecules and, as a
consequence, they release humoral factors
recognized by anti-TNF-a and anti-IL1-a antibodies.
These factors can induce the chemotaxis of other
MCs in the infection area (Cima et al., 2006; Franchi
and Ballarin, 2017) and influence phagoytes by
stimulating the synthesis and release of a
rhamnose-binding lectin (BsRBL) able to promote
phagocytosis (Menin et al., 2005; Menin and
Ballarin, 2008). The presence of an opposite
activation pathway, i.e., from phagocytes to MCs
has also been demonstrated: upon the recognition
of foreign molecules, phagocytes can secrete
BsRBL able to induce the synthesis and release of
cytokines by MCs that favor their recruitment, and
induce their degranulation, so to trigger the
inflammatory reaction (Franchi et al., 2011).

Ascidian cytotoxic cells as the source of most of
the complement factors

Transcripts for C3 and other proteins of both
the alternative and the lectin pathways have been
identified in all the ascidians species investigated so
far (Fujita et al.,, 2004a, b; Nonaka et al., 1999;
Marino et al.,, 2002; Raftos et al.,, 2003, 2004;
Franchi and Ballarin, 2014). Ascidian POCCs
synthesize and release most of the complement
factors. In C. robusta, immunocytochemical analysis
with specific anti-C3 antibodies identified ciliated
cells lining the stigmata and granulocytes (one of
the Ciona POCC types) as the immunopositive
cells. Ciliated cells and granulocytes were also
stained by the specific antibody raised against the
C3a; the same antibody demonstrated that Ciona
C3 can cleave to C3a and C3b (Giacomelli et al.,
2012). Ciona C3a can recruit other POCCs to the
inflammation sites via its binding to a G protein-
coupled receptor present in granulocytes (Pinto et
al., 2003; Melillo et al., 2006).

In the colonial ascidian B. schlosseri, MCs
actively transcribe the genes for C3 and factor B
(Franchi et al., 2014; Peronato et al., 2020a) as well
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as for ficolin, mannose-binding lectin (MBL) and
MBL-associated serine protease (MASP) (Franchi
and Ballarin, 2017) and a C3a/C5a receptor
(Peronato et al., 2020b). Botryllus MCs, once
activated by the recognition of nonself, can
influence phagocytosis through the release of C3
(BsC3) which, once split to C3b, presumably act as
an opsonin by facilitating the phagocytosis of foreign
particles: indeed, the inhibition of BsC3 activation by
compstatin  significantly limits phagocytosis of
nonself target particles (Franchi and Ballarin, 2014).
Furthermore, the knockdown of bsc3 by the injection
of IRNA leads to reduced phagocytosis activity
(Peronato et al., 2020a). Those reported above are
additional evidences of the cooperation between
immunocytes. MCs can influence phagocyte activity
also during the resorption of one partner from
Botryllus chimeras deriving from the fusion of
colonies sharing only one allele at the Fu/HC locus.
During this process, similarly to what observed
during the takeover phase of the colonial
blastogenetic cycle (Franchi et al., 2016), diffuse
cell death by apoptosis occurs in the resorbing
tissues; effete cells are then cleared by professional
phagocytes infiltrated from the circulation. The
injection of purified MCs from the winner colony in
the circulation of the chimera speeds the process,
whereas no facilitated resorption was observed
when hemocyte fractions deprived of MCs were
transferred (Corey et al., 2016). MCs, together with
phagocytes, can also synthesise and release a Clq
domain-containing protein able to modulate both
degranulation of MCs and phagocytosis (Peronato
et al., 2021a,b).

Ascidian cytotoxic cells as the major source of
antimicrobial peptides

Ascidians are the source of a huge variety of
bioactive molecules, many of which have
antibacterial activity (Romano et al., 2022). In many
cases, the synthesis and the release of these
molecules is due to symbiotic bacteria (Moss et al.,
2003; Pérez-Matos et al., 2007; Rath et al., 2011;
Tsukimoto et al., 2011; Xu et al., 2012). However,
peptides with antimicrobial activity can also be
produced by the ascidian cytotoxic cells. For
instance, MCs of H. roretzi release the tetrapeptides
halocyamines A and B (Azumi et al., 1990) upon
their degranulation induced by the recognition of
nonself (Fuke, 2001): their cytotoxic activity is
probably related to their diphenol rings which
represent suitable substrates for the enzyme PO
also stored inside MCs (Akita and Hoshi, 1995).
Moreover, Styela clava MCs synthesise and release
the peptides clavanins A-D (histidine-rich, a-helix
peptides) and clavaspirin (Taylor et al., 2000;
Menzel et al., 2002). In the same species, five
cationic antimicrobial peptides, called styelins were
isolated from hemocyte lysates (Lee et al., 1997;
Zhao et al., 1997; Taylor et al., 2000; Lehrer et al.,
2003). As for C. intestinalis, its POCCs synthesize
two types of a-helix antimicrobial peptides and the
injection of foreign material in the body wall
increases the transcription of the corresponding
genes (Fedders and Leippe, 2008; Fedders et al.,
2008, 2010; Di Bella et al., 2011). Analogously, in



the colonial ascidian B. schlosseri, we recently
demonstrated that MCs synthesize and release a
peptide with similarity to styelins, with a strong
antimicrobial activity against Gram positive and
Gram negative bacteria as well as yeast cells
(Franchi et al., 2023).

Conclusions and future perspectives

Despite the low importance attributed to
ascidian cytotoxic cells in the past, an increasing
amount of evidences attest that they play a pivotal
role in immune defense as they can trigger
inflammatory reactions and, at the same time,
represent the major source of proinflammatory
cytokines. In addition, they can modulate the activity
of phagocytes and control their own degranulation
which is required for the completion of the
inflammation through the release of PO and the
consequent induction of oxidative stress. However,
in spite of the progresses made in the last decades,
we are still unaware of the receptors involved in the
recognition of nonself by POCCs and the signal
transduction pathways activated consequently.

POCCs are also the major source of
complement components. As for this point,
increasing evidences suggest that complement is
not only an immunological effector, but has also a
role in a variety of non-immunological processes,
mainly in the context of development (Leslie and
Mayor, 2013). For instance, it is involved in synapsis
clearance during neural development (Stevens et
al., 2007), in cell migration and morphogenesis
(Carmona-Fontaine et al., 2011; Rooryck et al.,
2011), in regeneration of urodele newt limbs and
lenses (Del Rio-Tsonis et al., 1998; Kimura et al.,
2003). Furthermore, in mammals, C5a and Cba
receptor can drive cell proliferation (O'Barr et al.,
2001; Kurihara et al., 2010). Recent investigations
suggest that complement exerts control over stem
cell populations from fertilization throughout
embryogenesis and beyond post-natal development
(Hawksworth et al.,, 2018). Ascidians, as
invertebrates closest to vertebrates can provide
information on key aspects of development within
an evolutionary framework. However, our
understanding of how complement exerts its non-
immunological roles in ascidians remains generally
poor. For instance, in Boltenia villosa, there are
indication  that complement can influence
metamorphosis (Roberts et al., 2007).

In addition, as already stated, POCCs contain
tunichromes, which can form molecular bridges
linking the cellulose fibers of tunicin, so controlling in
the formation and the integrity of the tunic as
postulated by old researchers (Endean, 1960;
Overton, 1966; Smith, 1970; Milanesi and Burighel,
1978; Wright, 1981). However, the exact roles of
tunichromes in the ascidian biology, is still a matter
of discussion (Sugumaran and Robinson, 2012).

Furthermore, in botryllid colonial ascidians,
POCCs are the effectors of the allorejection reaction
(Ballarin et al., 1995). However, up to now, we do
not know which kind of receptors are involved in the
recognition of allogenic factor(s) from alien colonies
by MCs so to trigger their degranulation and which
are the relationships between these receptors and
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the Fu/HC gene. Future efforts should consider this
point to provide a better insight of the whole process
of allorecognition.
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