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Abstract

The vertebrate liver is regarded as an organ essential to the regulation of immunity and inflammation as well as being central
to the metabolism of nutrients. Here, we discuss the functions that the hepatic cecum of amphioxus plays in the regulation of
immunity and inflammation, and the molecular basis of this. It is apparent that the hepatic cecum performs important roles
in the immunity of amphioxus including immune surveillance, clearance of pathogens and acute phase response. Therefore,

the hepatic cecum, like the vertebrate liver, is an organ functioning as a key integrator of immunity in amphioxus.
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Introduction

Amphioxus, a basal chordate, is the best available proxy for
the proximate invertebrate ancestor of vertebrates. It has a
vertebrate-like body plan including a circulatory system with
an organization similar to that of vertebrates (Moller and
Philpott 1973). However, amphioxus lacks lymphoid organs
and has no free circulating blood cells (Moller and Phil-
pott 1973; Yuan et al. 2015a). Instead, its digestive organs,
including the gill, intestine and hepatic cecum, are regarded
as sites of continuous immunological interaction and thus
act as the major player of defense against infection (Gao and
Zhang 2018; Huang et al. 2011b; Liao et al. 2017; Tao and
Xu 2016). The hepatic cecum not only serves as a physi-
cal barrier but is also an integrator of the immune system.
Numerous studies on morphology, embryology and molecu-
lar biology show that the hepatic cecum is homologous to
the precursors of vertebrate liver (Guo et al. 2009; Miiller
1844; Wang and Zhang 2011; Welsch 1975). The liver is
the largest internal organ in vertebrates and is essential to
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the regulation of immunity and inflammation in addition to
being central to the metabolism of nutrients and the clear-
ance of toxins (Kubes and Jenne 2018). Similarly, the hepatic
cecum of amphioxus plays a vital role in both metabolism
and immunity. An array of liver-specific genes/proteins are
predominantly expressed in the hepatic cecum, including
the glutathione-S-transferase gene (Fan et al. 2007), alanine
aminotransferase gene (Jing and Zhang 2011), fibrinogen-
related protein gene (Fan et al. 2008), plasminogen-like
gene (Liu and Zhang 2009), transferrin-like gene (Liu et al.
2009), C/EBPo/p gene (Wang et al. 2009), IGF-like gene
(Guo et al. 2009), G6pase (Wang et al. 2015), complement
system genes (Gao et al. 2014; He et al. 2008), and vitel-
logenin (Han et al. 2006). Most of these genes/proteins are
linked to the immunity of amphioxus. Below, we discuss the
roles the hepatic cecum plays in the immunity of amphioxus.

Gross anatomy and function

The hepatic cecum of amphioxus is a pouch that protrudes
forward as an out-pocketing of the mid-gut and extends
along the right side of the posterior part of the pharynx.
The major component of the hepatic cecum is the pseudo-
stratified columnar ciliated epithelium, in which the epithe-
lial cells have functional features of both phagocytes and
digestive cells (He et al. 2018). Amphioxus performs both
intracellular and extracellular digestion. When food parti-
cles are transported into the mid-gut, the ileo-colon ring
sorts some small particles containing algal and microbial
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cells (around 2 pm in diameter or less) into the lumen of
the hepatic cecum. Some of the particles are swept back
to the mid-gut again, while the detained particles in the
cecum are phagocytized by the epithelial cells, sequestered
in phagosomes and then degraded when the phagosomes
fuse with lysosomes (Fig. 1). Almost all the epithelial cells
in the hepatic cecum have a phagocytic function. The cells,
similar to those of the vertebrate liver, generate large num-
bers of lysosomes to exert digestion and immune functions
(He et al. 2018; Yuan et al. 2015a). The degraded pathogen
molecules, as well as undegraded bacteria and viruses, can
be detected by an array of pathogen recognition receptors,
leading to rapid activation of immune responses.

In amphioxus, the pharynx, hepatic cecum, mid-gut and
intestine (also called hind-gut) are the major organs of the
alimentary canal and are thus in continuous contact with
pathogenic microbes (Fig. 1). However, their internal milieu
and defense mechanisms differ. The pharynx, a structure

responsible for filtering food particles suspended in seawa-
ter, contains numerous gill slits, that include lymphoid-like
tissues and lymphocyte-like cells capable of executing an
immune response to microbial challenge (Han et al. 2010;
Huang et al. 2007), and an endostyle which secrets mucus
to capture food particles (Nielsen et al. 2007). The food
particles mix with mucus in the pharynx to form a mucus
cord, which is then transported to the mid-gut and intes-
tine. Importantly, the mucus cord ensures that the almost all
algal and microbial cells are confined to the lumen, isolating
them from the epithelial cells of the mid-gut and intestine
(Nakashima et al. 2018). Any microbes that escape from
the mucus cord can be phagocytized by the epithelial cells
of intestine, or captured by the phagocytes in the intestinal
blood vessels (Han et al. 2010). In contrast, the food parti-
cles released into the hepatic cecum are in a dispersed form
and are phagocytized by the hepatic epithelial cells directly.
Consistent with the difference in internal milieu between the

Pharyngeal gill slits Hepatic cecum Mid-gut  lleo-colon ring Intestine

A A\ |
X | M_,)
/ I
- L ) ) ) Anus
Mouth Hepatic plexus Hepatic vein Subintestinal vein
; Y Algal cell

B Pathogenic gal cells

/N

microbes

Epithelial cells

Pavement epithelium cells

Phagosomes

Lysosomes

Degrading algal
or microbial cells

Hepatic vein Subintestinal vein

* Nutrients —— H ] o, . <a— *Nutrients

« Complement epatic blood vessel . + Gut-derived pathogens

* Acute phase proteins (. D¢ > X O ) * Microbe-derived molecules

Fig. 1 Anatomical organization of the hepatic cecum as an immune
organ of amphioxus. a The digestive system, including the pharyn-
geal gill slits, hepatic cecum and intestine, is regarded as the major
line of defense against microbial infection. When food particles enter
the pharynx, they are trapped by mucus and formed into a mucus
cord, which is then transported posteriorly to the mid-gut. In the
mid-gut, food particles within the mucus cord are mixed with diges-
tive enzymes, and some small particles containing algal and micro-
bial cells (around 2 pm in diameter or less) pass into the lumen of
hepatic cecum, a structure arising from the mid-gut and expands
anteriorly along the right side of the pharynx. b These algal and
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microbial cells are phagocytized by the epithelial cells of hepatic
cecum and degraded by lysosomes. Then, the degrading products
enter the hepatic blood vessel plexus, in which the blood is mainly
delivered from intestine via the subintestinal vein which is ultimately
joined to the hepatic vein. Gathering intestine-derived blood compo-
nents and hepatic epithelial cells derived products, the blood in the
hepatic plexus is rich in nutrients, pathogen-derived molecules, and
even surviving pathogenic microbes. The cells of the hepatic cecum
are responsible for the production of complement proteins and acute
phase proteins
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hepatic cecum and intestine, the phagocytic ability of hepatic
epithelial cells appears stronger than that of intestinal epi-
thelial cells (He et al. 2018). However, whether phagocytes
are present in hepatic blood vessels, such as the intestinal
blood vessels, remains unclear. In the hepatic cecum, the
blood vessel plexus consists of a network of spaces in the
extracellular matrix, lined by the basement membrane of
surrounding epithelial cells. Blood in the hepatic plexus is
mainly delivered from the intestine via the sub-intestinal
vein which ultimately joins to the hepatic vein (Monahan-
Earley et al. 2013). Gathering intestine-derived blood com-
ponents and hepatic epithelial cell-derived products renders
the blood in the hepatic plexus rich in nutrients, pathogen-
derived molecules [e.g., pathogen-associated molecular pat-
terns (PAMPs)], and even surviving pathogenic microbes. In
this complex microenvironment, the hepatic immune system
must tolerate harmless molecules while at the same time
remaining alert to possible infectious agents.

RNA virus

%TLR

TIR domain

Immune recognition and signaling network

In the hepatic cells, pathogens and their PAMPs can be
recognized by an array of pattern recognition receptors
(PRRs), such as Toll-like receptors (TLRs), NOD-like
receptors (NLRs), scavenger receptors (SRs) and RIG-
I-like receptors (RLRs) (Liu et al. 2015b; Yuan et al.
2009a, 2016; Zhang et al. 2013). Upon pathogen/PAMPs
recognition, the PRRs of hepatic cells trigger a series
of signaling events that ultimately leads to activation of
immune-related transcriptional factors such as nuclear
factor-kB (NF-xB), interferon (IFN) regulatory factors
(IRFs) and activator protein 1 (AP-1), that promote the
expression of immune effectors and mediators (Fig. 2).
Many immune-related gene families have been found to
undergo lineage-specific expansion in amphioxus (Huang
et al. 2008; Huang and Xu 2016). For example, the genome
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Fig.2 Putative immune signaling network in amphioxus hepatic
cells. The TLR signals can induce activation of the IKK complex and
NF-xB through either the MyD88-TRAF6 or TICAM-RIP1b path-
way. A group of TIR domain-containing adaptors are involved in the
activation and regulation of the TLR pathway. The ligands of amphi-
oxus TLRs remain to be determined. Putative antiviral mechanisms
include viral RNA recognition by DExD/H-box helicase domain-
containing receptors (e.g., LGP2 and DDX23) and activation of the
TBK1-IKKe complex and IRFs. The transcription factor IRF family
contains nine members which constitute a dynamic feedback regula-
tory framework among IRFs and NF-kB. In the scheme of the oxi-
dative burst machinery, NOX2 and p22phox are transmembrane
components, while p47phox, p67phox, p40phox and Rac are cyto-

solic subunits that are recruited to the NOX2-p22phox on activa-
tion. This phagocytic respiratory burst machinery, through releasing
a large amount of ROS into the phagosome, participates in the bac-
tericidal process of the hepatic epithelial cells. In the putative TNF
system, TNF can either activate the IKK complex and NF-xB through
the TNFR-TRAF pathway, or trigger caspase-dependent apopto-
sis through the Death receptor (TNFR with death domain)-FADD/
CRADD pathway. Amphioxus has a large number of NLRs that share
similar domain architectures containing a central NOD domain, a
C-terminal LRR region and various N-terminal region. However, the
NLR signaling pathway is unclear and needs further study. Solid lines
indicate a pathway with experimental evidence; dashed lines repre-
sent no experimental support
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of Branchiostoma floridae has an expanded PRR reper-
toire including at least 22 TLRs, 73 NLRs and 144 SRs,
and a huge intracellular intermediate signal-transducing
network including 57 Toll/interleukin-1 receptor (TIR)
domain-containing proteins, 24 tumor necrosis factor
(TNF) receptor-associated factors (TRAFs), 45 caspases
and hundreds of death-fold domain-containing proteins. In
contrast, most of the kinases and transcription factors in
this immune network, including IKK/TBK, MAPK/INK,
NF-kB, AP-1 and IRFs, have not undergone expansion,
and their structure and number are similar to those in ver-
tebrates (Huang et al. 2008).

Toll-like receptors

Vertebrate TLRs are expressed in immune cells (e.g., mac-
rophage) as well as non-immune cells (e.g., epithelial cell),
located on the cell surface or in endosomes, and responsible
for recognition of a wide range of pathogen-derived mol-
ecules (Kawasaki and Kawai 2014). Totally, 30 TLRs have
been identified in B. lanceolatum, 22 TLRs in B. floridae
and 37 TLRs in B. belcheri. However, only one TLRs’ ligand
recognition profiles have been determined: the TLR22 of
B. lanceolatum was identified as a receptor for viral ligand
poly I:C (Ji et al. 2018). Thus, it is still unclear if these TLRs
serve as PAMP receptors, similar to the vertebrate TLRs that
recognize PAMPs directly or indirectly with the aid of other
proteins, or as cytokine receptors, similar to the Drosophila
TLRs (Gangloff et al. 2003). In contrast, the downstream
signaling of TLR system has been well studied in amphioxus
(Yuan et al. 2015a). The amphioxus TLR signaling transduc-
tion system is composed of MyD88-dependent and TICAM-
dependent pathways (Yang et al. 2011; Yuan et al. 2009a),
both involving a group of TIR-containing adaptors and
TRAFs, and ultimately activating NF-kB. The negatively
regulatory molecules for the MyD88-dependent pathway
(e.g., SARM, TRAF2a, TIRC, IRAK4 and Pelle) and the
TICAM-dependent pathway (e.g., SARM, TRAF2a, TIRA
and RIP1a) are essential in the regulation of TLR system in
amphioxus (Li et al. 2011; Peng et al. 2015; Yan et al. 2020;
Yuan et al. 2010).

NOD-like receptors

NLRs are a family of intracellular sensors that play impor-
tant roles in apoptosis, innate immunity and inflammation.
Amphioxus has 73 NLRs that share similar domain archi-
tectures containing a central NACHT domain (also called
NOD domain) for oligomerization, a C-terminal LRR region
for recognition of PAMP or endogenous harmful molecules,
and various N-terminal regions [e.g., death domain, caspase
activation and recruitment domain (CARD), or death effec-
tor domain (DED)] for signal transduction (Huang et al.
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2011b). Compared to vertebrate NLRs, amphioxus NLRs
have no pyrin domain (PYD, an important domain for innate
immune signaling) in the N-terminal region (Ratsimandresy
et al. 2013). In vertebrates, NLRs use CARD/PYD domains
to participate in NF-xB signaling and in the assembly of
inflammasomes, which are intracellular multiprotein com-
plexes that sense danger signals and then trigger pro-inflam-
matory responses. These inflammasome formations gener-
ally require that the activated NLRs recruit the adaptor ASC
(apoptosis-associated speck-like protein containing CARD)
via PYD-PYD interaction, as well as caspase-1. Although
these elements for the inflammasome-like complex have
been determined in amphioxus, the mechanism should be
different from those in vertebrates given their different struc-
tures (Xu et al. 2011).

RIG-I-like receptors

RLRs, including RIG-I, MDAS and LGP2, are kinds of
DExD/H-box RNA helicases that recognize intracellular
PAMPs derived from viral genomes. Besides RLRs, sev-
eral other DExD/H-box helicases, such as DHX9, DHX15,
DHX36, DDX17, DDX23 and DDX41, also play important
roles in detecting viral infection (Iwasaki 2012). Amphioxus
possesses a large DExD/H-box helicase family, including
LGP2, DHX9, DHX15 and DDX23, that have been found to
be capable of binding poly I:C and are involved in antiviral
response (Liu et al. 2015b; Ruan et al. 2019). The LGP2
(BjLGP2) gene of B. japonicum is predominantly expressed
in the hepatic cecum, and up-regulated following challenge
with poly I:C. In flounder gill cells, BjLGP2 has, upon poly
I:C or viral challenge, the capacity to induce a RLRs signal-
ing pathway via the interaction with MAVS which eventu-
ally leads to NF-kB- and IRF-3-dependent production of
type I IFN and pro-inflammatory cytokines. In amphioxus,
the key elements of the RLR signal transduction pathway,
including MAVS, TBK1, IKK, STAT and IFN regulatory
factors (IRFs), are present, but the canonical type I IFN is
absent (Cao et al. 2020; Liu et al. 2015b; Yuan et al. 2015b).
Nevertheless, one of the vertebrate IFN-stimulated genes,
viperin, has been identified in B. japonicum, and it been
shown capable of attenuating viral infectivity and propaga-
tion (Lei et al. 2015). Interestingly, neither lineage-specific
virus nor virus-related diseases have thus far been reported
in amphioxus. Moreover, no information is available to date
regarding the antiviral cytokines and the cytokine-stimulated
effectors in amphioxus. These deserve further study in the
future.

Other PRRs

In the hepatic cecum of amphioxus, the signaling path-
ways of TLR, NLR and RLR act as the main defense line in
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antibacterial and antiviral immunity. Furthermore, several
scavenger receptors (SRs) also serve as PRRs in the cecum.
In vertebrates, liver cells express an array of SRs, and these
SRs have a direct role in the detection and capture of patho-
gens (Jenne and Kubes 2013). For example, CD36 is a SR
for sensing a wide range of ligands and is primarily located
on the surface of macrophages and hepatocytes (Silverstein
and Febbraio 2009). It has been shown that the CD36 gene
of B. japonicum is mainly expressed in the hepatic cecum
and up-regulated after feeding or E. coli stimulation, sug-
gesting that it participates in both nutritional control and
immune responses (Zhang et al. 2013). In addition, the
leucine-rich repeat (LRR) domain-containing receptors and
C-type lectin receptors are two vast repertoires in the amphi-
oxus genome (Huang et al. 2008). In vertebrates, the LRR-
containing receptors (e.g., variable lymphocyte receptor) and
C-type lectin receptors (e.g., mannose receptor) often serve
as PRRs (Boehm et al. 2012; Fraser et al. 1998), hinting that
some of the proteins in amphioxus may also have a pathogen
recognition function.

Although many genes encoding immune-associated
receptors and adaptors have been found in the amphioxus
genome, several questions remain unanswered. For example,
how the PRRs distinguish distinct pathogens and how they
direct downstream signaling when encountering such many
adaptors. Due to the unique situation in the hepatic cecum
with constant exposure to the commensal microflora, it is
also necessary to distinguish between the harmless micro-
flora and pathogenic microbes, triggering immune responses
only in the pathogenic infection. Consequently, determining
the specific ligands and adaptors of these PRRs will shed
light on the immune surveillance function of the hepatic
cecum.

Oxidative burst system

In vertebrates, oxidative burst occurs in the activated phago-
cytes, which rapidly release a large amount of reactive
oxygen species (ROS) into the phagosome to kill ingested
bacteria. In amphioxus, ROS production is also necessary
for efficient antibacterial responses and oxidative burst,
which mainly occurs in the epithelial cells of the hepatic
cecum, intestine and gill upon bacterial stimulation, con-
sistent with the recognition and phagocytosis functions of
these epithelial cells (Yang et al. 2014). Like vertebrates,
amphioxus also has a complete gene set for the classical
oxidative burst system, in which NADPH-oxidase (NOX)
2 together with p22phox, p47phox, p67phox, p40phox and
GTPase Rac, produces H,O, which myeloperoxidase then
converts into ROS. The genes encoding NOX2, p22phox,
p47phox, p67phox, p40phox and Rac are mainly expressed
in the hepatic cecum, intestine and gill, and can be rapidly
up-regulated when amphioxus is challenged with bacteria.

This phagocytic respiratory burst machinery participates in
the initiation of the phagocytic process of the gut epithelial
cells.

Cytokines

Cytokines are the signals that mediate intercellular com-
munication in the immune system and are often responsi-
ble for the host inflammatory response which is an innate
defense mechanism against infections and a variety of tissue
injury. At the infection or injury site, local immune cells
release cytokines which recruit and activate more immune
cells to enhance the inflammatory response. The best-known
cytokines in vertebrates are ILs, IFNs, TNFs, chemokines
and TGF-f, and most members of these cytokine families
have significant roles in pro- or anti-inflammatory processes.
Among these cytokines, only the homologs of IL-17, TNFs
and TGF-f genes have been identified in the amphioxus
genome, although the function of the IL-17-like protein
has not been determined. Amphioxus has a sophisticated
TNF system containing 24 TNFs and 31 TNF-receptors, and
downstream adaptors including 24 TRAFs and hundreds of
death-fold domain-containing proteins (Huang et al. 2008;
Yuan et al. 2009b). These adaptors can either activate NF-xB
to enhance the transcription of immune response genes or
initiate caspase cascade to induce apoptosis of the cells (Xu
et al. 2011), suggesting that the TNF system plays impor-
tant roles in the immune and inflammatory processes of
amphioxus. The TGF-p molecule of B. japonicum has been
characterized as a cytokine with bipolar properties, i.e., not
only can it inhibit the production of TNF-a and IL-1f in
LPS-activated mouse macrophages, suppressing the migra-
tion of LPS-activated mouse macrophages, but it can also
enhance the migration of non-activated mouse macrophages
(Wang et al. 2014). The bipolar properties of TGF-p proteins
in immune regulation have also been reported in vertebrates
(Cai et al. 2010).

An unregulated host response to infection is usually
associated with the excessive activation and release of pro-
inflammatory cytokines, termed a cytokine storm. LPS is
a strong inducer of cytokine storms. In humans, LPS can
activate the TLR signaling pathway that promotes the
expression of inflammatory cytokines, and the outpour-
ing of pro-inflammatory cytokines causes cytokine storms
that contribute to tissue injury, sepsis and even septic shock
(Opal 2007). In this situation, the liver has a central role
in the regulation of excessive inflammation by producing
anti-inflammatory cytokines or modulators (Strnad et al.
2017). Recently, a novel modulator of inflammatory net-
works, called BjIM1, has been identified in B. japonicum.
BjIM1 is primarily released from cells of the hepatic cecum
and is capable of inhibiting LPS-induced up-regulation of
TLR pathway genes, such as MyD88, IKK, NF-xB1, Rel,
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p38, INK and AP-1, as well as NOX2 (the core molecule
of the oxidative burst system), indicating that BjIM1 may
negatively regulate the TLR signaling pathway and oxida-
tive burst system in the LPS-induced inflammatory response
(Qu et al. 2020b). Interestingly, homologs of BjIM1 are only
identified in invertebrates, but none in vertebrates, suggest-
ing that they may be invertebrate-specific inflammatory
modulators. BjIM1 shares little sequence similarity with
any known functional proteins or domains, thus it is dif-
ficult to predict either its structure or receptor. Determining
the mechanism of the BjIM1-mediated anti-inflammatory
process will certainly shed light on the immune and inflam-
matory regulation function of the hepatic cecum.

Primitive adaptive immune system

Although not possessing classical adaptive immunity,
amphioxus has obtained some raw and basic elements of
the adaptive immune system, including lymphocyte-like
cells, proto-MHC, protoRAG and variable immune recep-
tors, implying the possible presence of alternative adaptive
immunity (Feng et al. 2016; Huang et al. 2016). The appear-
ance of variable immune receptors, e.g., immunoglobulin
superfamily (IgSF), provides the possibility to recognize
various antigens. In amphioxus, three types of IgSF pro-
tein with diversified Variable region (V region), i.e., V
region-containing chitin-binding proteins (VCBPs), V and
C domain-bearing protein (VCP), and an IgV,;-C-type pro-
tein (AmplgV;-C2), have been identified, all of which have a
high expression pattern in the hepatic cecum (Cannon et al.
2002; Chen et al. 2018; Yu et al. 2005). Both VCBP and
VCP can recognize a broad spectrum of bacteria (Dishaw
et al. 2011; Yuan et al. 2015a). The details of their pathogen
recognition and signal transduction mechanisms are, how-
ever, poorly characterized and deserve further study.

Humoral defensive molecule repertoire

In humans, a key and systemic function of the liver is to
synthesize the majority of serum proteins, including com-
plement proteins, fibrinogen, clotting factors and protease
inhibitors. These proteins are involved in the regulation of
systemic homeostasis and some also act as immune effec-
tors. Amphioxus has extensive coelomic cavities and a
closed circulatory system but lacks free-circulating blood
cells. To date, many immune effectors have been identified
in the humoral fluid of amphioxus, most of which origi-
nate from the hepatic cecum. This suggests that the hepatic
cecum is essential for the humoral defensive system. Here
we focus on the immune function of the humoral defensive
molecules synthesized in the hepatic cecum.
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Complement system

The human complement system is composed of more than
30 distinct plasma proteins and membrane-associated pro-
teins, and ~90% of the plasma complement components are
synthesized in the liver (Sarma and Ward 2011). Comple-
ment, which can be activated by pathogens either directly or
indirectly with the aid of antibodies, initiates a cascade of
cleavage and activation events leading to the formation of
membrane attack complexes or the recruitment of immune
cells (Merle et al. 2015a). The amphioxus genome contains
multiple copies of a number of complement-related genes,
such as 50 Clqg-like, 41 ficolin-like, two MASP, two C3,
three Bf/C2, five C6-like and 427 CCP (complement con-
trol protein)-containing genes. In this regard, the comple-
ment system of amphioxus seems more complex and diverse
than that of vertebrates including mammals (Huang et al.
2008). The vertebrate complement system has three activa-
tion pathways, i.e., the classical, alternative and lectin path-
ways, as well as two terminal pathways, i.e., the cytolytic
and opsonic pathways. In all the three activation pathways,
C3-convertase cleaves and activates C3, triggering a cas-
cade of further cleavage and activation events. Amphioxus
complement can be activated through alternative (C3 auto-
hydrolysis), lectin (ficolin-MASPs activating C3) as well
as classical-like pathway (C1q-MASPs activating C3) (Gao
et al. 2014, 2017; Huang et al. 2011a; Li et al. 2008). Sev-
eral key molecules involved in the complement activation
pathways have been characterized, such as C1qg-like, ficolin,
MASP1/3, C3, Bf/C2 and properdin (Endo et al. 2003; Gao
etal. 2013, 2014, 2017; He et al. 2008; Huang et al. 2011a;
Suzuki et al. 2002). They are all predominantly synthesized
in the hepatic cecum except that the properdin gene is ubiq-
uitously expressed, similar to the expression profile of verte-
brate properdin (Cortes et al. 2012). In addition, a conserved
microRNA (miR-92d) has been shown to be involved in the
regulation of amphioxus complement pathway by targeting
C3, the center molecule of complement system (Yang et al.
2013). The expression level of miR-92d in the hepatic cecum
is higher than in any other tissues, and is down-regulated by
challenge with bacteria (Yang et al. 2013). These findings
indicate that the hepatic cecum plays a central role in the
regulation of the complement system.

In mammals, the terminal cytolytic pathway of comple-
ment needs both C5 and four Cé6-like proteins (C6, C7, C8
and C9) to assemble the membrane attack complex that per-
forms cytolytic effects against the targeted cells. Further-
more, the resulting fragmentary molecules of complement
activation, such as C3a, C5a and C3b, are capable of killing
bacteria directly or enhancing macrophage phagocytosis
of pathogenic microbes (Merle et al. 2015b). Amphioxus
has five C6-like proteins each of which has the membrane
attack complex/perforin domain required for membrane
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perforation, but all lack the key domains responsible for
interaction with C5 (Suzuki et al. 2002). Although com-
plement-mediated cytolysis has been observed in amphi-
oxus (Li et al. 2008; Zhang et al. 2003), the cytotoxic pore-
forming mechanism is unclear and deserves further study.
Amphioxus C3 can be cleaved into C3a and C3b (Huang
et al. 2011a). The C3a fragment is directly bactericidal and
capable of enhancing macrophage phagocytosis of bacteria
(Gao et al. 2013). The presence of both the cytolytic and
opsonic pathways indicates that amphioxus has a functional
prototypic complement system (Fig. 3).

Phenoloxidase

Invertebrate phenoloxidase (PO), homologous to vertebrate
tyrosinase, is a multi-function oxidase involved in sclerotiza-
tion of the cuticle, defensive encapsulation, melanization of
foreign microorganisms, and wound healing (Lemaitre and
Hoffmann 2007). Intermediates produced in the melaniza-
tion process can kill bacteria directly. PO normally exists as
proPO zymogen. Upon recognition of the invasive microor-
ganism by PRRs (e.g., PGRP and C-type lectins), a complex
protease cascade is soon initiated to cleave proPO, resulting
in the generation of active PO (Lu et al. 2014). In amphi-
oxus, PO activity is detected in the humoral fluid, which is
increased significantly after bacterial stimulation, suggest-
ing that PO plays a crucial role in the humoral defensive
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Fig.3 Amphioxus complement systems are activated and amplified
by the formation of C3 convertases through the Clg-mediated, lec-
tin and alternative pathways. C3 can be cleaved by C3 convertases to
form C3a and C3b. The C3a fragment has bactericidal activity and
is capable of enhancing phagocyte phagocytosis against bacteria.
The C3b fragment can bind covalently to cell surface carbohydrates
via its reactive thioester. Amphioxus has five C6-like proteins, but it
is unclear whether they participate in the formation of the membrane
attack complex (MAC). A solid arrow indicates that the pathway was
supported by experimental data; a dashed arrow indicates that no
experimental support is present

system (Pang et al. 2009). Amphioxus PO is a tyrosinase-
type enzyme (Pang et al. 2005), which is consistent with
the fact that it has a close phylogenetic relationship with
vertebrate tyrosinase. The tyrosinase-like gene is expressed
in muscle, epidermis, hepatic cecum and some other tissues
(Pang et al. 2013). However, the proteases and modulators of
PO activation pathway remain to be identified in amphioxus.

Lectin and lectin-like protein

In the absence of free-circulating immune cells, amphioxus
needs an efficient mechanism to prevent the dissemination of
pathogens in the humoral fluid. This is seemingly achieved
by lectin or lectin-like proteins. Amphioxus humoral fluid
possesses bacterial-agglutinating activity towards both
Gram-negative and Gram-positive bacteria (Pang et al.
2012). Over 1200 genes in the amphioxus genome, con-
tain the C-type lectin domain (CTLD) (Huang et al. 2008).
Hereafter, the CTLD refers to the carbohydrate recognition
domain (CRD) of C-type lectins (a family of Ca**-dependent
lectins). CTLDs usually have sugar-binding motifs (mostly
EPN/QPD + WND). In amphioxus, CTLDs have various
sugar-binding motifs, such as EP(N/S/K/E/D) and QP(D/
S/N), hinting that C-type lectins have diverse sugar-binding
specificities in amphioxus. Half of these CTLD-containing
proteins consist solely of a CRD domain. It has been dem-
onstrated that in amphioxus, a C-type lectin consisting of
a signal peptide and a single CRD, termed AmphiCTL1,
can agglutinate Gram-positive bacteria and yeast cells, but
has little binding activity toward Gram-negative bacteria.
AmphiCTLI1 can directly kill Staphylococcus aureus and
Saccharomyces cerevisiae. Interestingly, the AmphiCTL1
gene is mainly expressed in the hepatic cecum and is dra-
matically up-regulated when challenged with S. aureus, S.
cerevisiae and zymosan (Yu et al. 2007a). In addition, the
C-type lectins with multiple domain combinations are in
most cases associated with collagen, CCP and EGF domains.
A C-type lectin containing EGF and low-density lipopro-
tein receptor domains has been identified in B. japonicum
(BjCTL). This is a typical Ca**-dependent carbohydrate-
binding protein capable of binding to and agglutinating
both Gram-negative and Gram-positive bacteria, though it
is only slightly expressed in the hepatic cecum (Qu et al.
2016). Given the abundant presence of C-type lectins with
diversified structures in the genome, amphioxus may have
a pre-prepared defense network against almost all possible
invading microorganisms.

Intelectin (a type of galactofuranose-binding lectin)
and galectin (a type of galactoside-binding lectin) are two
important groups of pattern recognition molecules capable
of regulating immune and inflammatory responses (Boscher
et al. 2011; Yan et al. 2013a). On the one hand, there are
22 intelectin homologs identified in amphioxus two of
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which, i.e., AmphilTLN71469 and AmphilTLN239631,
have been characterized (Yan et al. 2012, 2013b). Amphi-
ITLN71469 can strongly agglutinate Gram-positive bacteria
in a Ca’*-dependent manner, but has lower agglutination
activity towards Gram-negative bacteria, whereas Amphi-
ITLN239631 can agglutinate both Gram-positive and Gram-
negative bacteria in a Ca**-independent manner, but its bac-
terial binding and agglutinating activity are both lower than
that of AmphilTLN71469. On the other hand, amphioxus
has two forms of galectins, i.e., dual-CRD tandem galectin
(Gal-L) and its alternatively spliced mono-CRD isoform
(Gal-S), both having p-galactoside binding activity (Yu et al.
2007b). The Gal-L gene is mainly expressed in the hepatic
cecum, whereas the Gal-S gene is ubiquitously expressed in
all the tissues. Bacterial or fungal (S. cerevisiae) stimulation
can induce up-regulation of Gal-L expression. Like some
mammalian galectins, amphioxus Gal-L and Gal-S are pre-
sent both intracellularly and extracellularly, hinting that they
are involved in the inflammatory response by cross-linking
B-galactoside glycoconjugates or glycoprotein receptors on
cell surfaces to mediate cell—cell or cell-matrix interactions.

Apextrins are a group of proteins capable of interacting
with the major bacterial cell wall polymer, peptidoglycan
(PGN). Amphioxus has nine apextrin-like genes, and two of
them have been characterized in B. japonicum (BjALP1 and
BjALP2) (Huang et al. 2014). Both BjJALP1 and BjALP2
can interact with bacterial PGN and the minimal PGN motif
muramyl dipeptide. BJALP1 is a secreted effector that agglu-
tinates Gram-positive bacteria, but not Gram-negative bac-
teria. Neutralization of secreted BJALP1 by anti-BjALP1
monoclonal antibodies can cause serious damage to the gut
epithelium and rapid death of the host animal after bacte-
rial infection. The BjALP1 gene is mainly expressed in the
hepatic cecum, intestine, gill and skin, and its expression
in the hepatic cecum and intestine shows thousand-fold up-
regulation after bacterial infection. BJALP2 is an intracel-
lular sensor associated with the NF-xB signaling pathway
and its expression shows hundred-fold up-regulation after
bacterial infection.

Antimicrobial protein and peptide

Many well-known microbicidal proteins have been identi-
fied in amphioxus, e.g., PGN recognition protein (PGRP)
(Yao et al. 2012), lysozymes (Liu et al. 2006; Xu et al.
2014), chitotriosidase (Xu and Zhang 2012), defensin
(Teng et al. 2012), and apolipoprotein A-I (Wang et al.
2019), most of which are predominantly synthesized in the
hepatic cecum (Table 1). Amphioxus has 17-18 PGRPs,
all of which have Zn** binding and amidase active sites
(Huang et al. 2011b). A short PGRP (PGRP-S) possessing
a domain combination of CBD-PGRP has been identified
in B. japonicum (Yao et al. 2012). The PGRP-S can bind to
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E. coli, S. aureus and Pichia pastoris, and displays enzy-
matic activity of amidase which is capable of hydrolyzing
PGN. The bactericidal activity of PGRP-S against E. coli
and S. aureus is mainly due to the PGRP domain, whereas
the anti-P. pastoris activity relies on the CBD domain.
Notably, this domain combination of CBD-PGRP has been
found only in amphioxus, which might result from domain
shuffling when a great expansion of amphioxus immune
gene repertoire occurred, possibly broadening its recogni-
tion spectrum.

Lysozymes are a class of enzymes that are able to cata-
lyze hydrolysis of the p-(1,4)-glycosidic bond between
N-acetylmuramic acid and N-acetylglucosamine in PGN,
and are produced in virtually all organisms, ranging from
bacteriophages to humans. Most organisms are able to pro-
duce different types of lysozymes and/or multiple forms of
the same lysozyme. It is presumed that different types/forms
of lysozymes may have different or complementary func-
tions. In amphioxus, lysozyme activity has been detected
in the humoral fluid, and the lysozyme activity of humoral
fluid increases significantly after exposure to bacteria (Pang
et al. 2006, 2010, 2012). Peculiarly, amphioxus possesses
three types of lysozymes, i.e., c-, g- and i-type lysozymes
(Xu et al. 2014). The c- and g-type lysozymes are predomi-
nantly synthesized in the hepatic cecum, whereas the i-type
lysozyme is primarily generated in the gill. All the three
types of lysozyme have the capacity to degrade the Mic-
rococcus lysodeikticus cell wall, but their levels of activity
differ from each other in the order i-type > c-type > g-type.

In addition to these known bactericidal proteins, some
well-known molecules are found to possess newly discov-
ered antimicrobial functions. For example, alanine ami-
notransaminase (ALT) is an acute phase protein primar-
ily synthesized in the liver and is regarded as an index for
clinical diagnosis of liver function in humans. It has been
revealed by Jing and Zhang (2011) that ALT has antibacte-
rial activity. Amphioxus ALT can bind to LPS, and cause the
Gram-negative bacterium E. coli to lyse. In contrast, it can
neither bind nor kill Gram-positive bacterium S. aureus. LPS
stimulation can induce a 40-fold increase in the expression
of the amphioxus ALT gene, suggesting the important role
of ALT in antibacterial defense. Recently, two ribosomal
proteins of B. japonicum, BjRPS15 and BjRPS23, have been
shown capable of killing both Gram-negative and Gram-
positive bacteria (Ma et al. 2020; Qu et al. 2020a). The func-
tional characteristics of BjRPS15 and BjRPS23 are similar
in that both can interact with bacterial membranes via LPS
and LTA, and cause membrane depolarization. They can
also stimulate production of intracellular ROS in bacteria.
Their expression in the hepatic cecum is significantly higher
than in other tissues, and markedly up-regulated following
challenge with bacteria, LPS or LTA. Moreover, both can
be detected extracellularly in the humoral fluid, suggesting
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Table 1 Antimicrobial proteins identified in amphioxus

Proteins Tissue expression

Activity (IC4) * Reference

Alanine aminotransaminase Mainly in hepatic cecum
AmphiCTL1 Mainly in hepatic cecum

Apolipoprotein A-I Mainly in hepatic cecum

Big defensin Hepatic cecum, muscle, gill and intestine
BjAMP Mainly in hepatic cecum, intestine, etc.
C3a Cleaved from C3

Chitotriosidase-like protein Mainly in hepatic cecum

Creatine kinase Not determined

Fibrinogen-related protein ~ Mainly in hepatic cecum and intestine

Lysozymes g-type in hepatic cecum, i-type in gill,
c-type in hepatic cecum, intestine and gill

Miple Mainly in ovary

PGRP-S Mainly in hepatic cecum and muscle

Ribosomal protein S15 High expression in hepatic cecum

Ribosomal protein S23

Tachylectin-related protein  Mainly in hepatic cecum and intestine

Transferrin-like protein Mainly in hepatic cecum, intestine and

ovary

High expression in hepatic cecum and ovary

G—: E. coli (<1 pmol/L)

G+: S. aureus (Not determined)
F: S. cerevisiae (Not determined)

G—: Aeromonas hydrophila (1.47 pmol/L),
Vibrio vulnificus (2.15 pmol/L), Pseu-
domonas aeruginosa (1.54 pmol/L)

G+: S. aureus (~5 pmol/L)

G—: A. hydrophila (> 20 pmol/L)

G—: E. coli (3.2 pmol/L), Vibrio anguil-
larum (6.3 pmol/L)

G+: S. aureus (6.3 pmol/L), Micrococcus
luteus (0.8 pmol/L)

G—: E. coli (> 6.6 pmol/L), V. anguillarum
(> 6.6 pmol/L)

G+: S. aureus (6.6 pmol/L), Bacillus subti-
lis (1.6 pmol/L)

F: Candida albicans (Not determined)

G—: E. coli (~10 pmol/L)

G—: E. coli (~3 pmol/L)

G+: S. aureus (<0.5 pmol/L)

Micrococcus lysodeikticus cell wall degra-
dation activity of the three type lysozymes
is in an order of i-type > c-type > g-type

G—: A. hydrophila (0.25 pmol/L), E. coli
(1 pmol/L)

G+: S. aureus (0.25 pmol/L), B. subtilis
(1 pmol/L)

G—: E. coli (~7 pmol/L)

G+: S. aureus (~7 pmol/L)

F: Pichia pastoris (~7 pmol/L)

G—: E. coli (0.5 pmol/L), A. hydrophila
(0.5 pmol/L)

G+: S. aureus (0.5 pmol/L), M. luteus
(0.5 pmol/L)

G—: E. coli (4.2 pmol/L), A. hydrophila
(4.2 pmol/L)

G : S. aureus (3 pmol/L), M. luteus
(3 pmol/L)

G—: E. coli (~7 pmol/L)

G—: E. coli (~8 pmol/L)

Jing and Zhang (2011)
Yu et al. (2007a)

Wang et al. (2019)

Teng et al. (2012)

Liu et al. (2015a)

Gao et al. (2013)

Xu and Zhang (2012)
An et al. (2009)
Fan et al. (2008)

Xu et al. (2014)

Gao et al. (2018)

Yao et al. (2012)

Qu et al. (2020a)

Ma et al. (2020)

Ju et al. (2009)
Liu et al. (2009)

*The antimicrobial activities against different types of microbes are annotated as below: G— Gram-negative bacteria, G+ Gram-positive bacte-
ria, F fungi. The ICj is the concentration of protein needed to inhibit microbe growth by 50%

that they are “moonlighting” proteins, functioning not only
as house-keeping proteins but also as antibacterial effectors.

Antimicrobial peptides (AMPs), usually composed of
fewer than 100 amino acids, are endogenous antibiotics
that are widely distributed in nature as ancient components
of innate immunity. Most AMPs are cationic and amphip-
athic molecules that interact with microbial membranes and
are capable of killing microbial cells, either by disrupting
membrane integrity or by interacting with certain intracel-
lular targets (Bahar and Ren 2013). More than 3000 AMPs

have been recorded in the AMP database, only two of which
are from amphioxus (Wang et al. 2016). This may be due
to the fact that the study of AMPs in amphioxus is still in
its infancy. The precursors of AMPs generally contain sig-
nal sequences and proregions, and these regions tend to be
more conserved than mature AMPs. This advantage has
been successfully employed to search for novel AMPs from
databases within the same lineages of amphibians and fish
(Juretic et al. 2011; Tessera et al. 2012). In the amphioxus
B. japonicum, an AMP named BjAMP1 has been identified
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using the signal sequence of the jawless hagfish, HFIAP-1, a
known AMP of the cathelicidin family. The mature peptide
of BJAMPI, i.e., the C-terminal 21 residues, can directly
kill a broad spectrum of microbes via a membrane active
mechanism (Liu et al. 2015a). The other AMP known in
amphioxus is big defensin, termed BjBD, identified by Teng
et al. (2012). The BjBD gene is constitutively expressed in
most of the tissues examined, and remarkably up-regulated
following challenge with LPS, LTA, A. hydrophila and S.
aureus. Moreover, recombinant BjBD is able to inhibit the
growth of S. aureus, E. coli and A. hydrophila.

Other immune-relevant effectors

Besides the antibacterial molecules listed above, there are
several other molecules, such as fibrinogen-related protein
(Fan et al. 2008), transferrin (Liu et al. 2009), Gram-neg-
ative bacteria-binding proteins (Jin et al. 2012), alpha-2
macroglobulin (Pathirana et al. 2016), avidin (Guo et al.
2017), Miple (Gao et al. 2018), HSP5 and HSP90«a (Yao
et al. 2019), that play roles in the defense system of amphi-
oxus. These molecules are primarily produced in the hepatic
cecum. They either display bactericidal activity or bacteria-
binding/agglutinating activity or both.

Acute phase response

Acute phase response (APR) is a physiological process
occurring rapidly after the onset of infection, inflamma-
tion and trauma. One of the most prominent consequences
of APR is the change in concentrations of a number of
plasma proteins, collectively known as acute phase pro-
teins (APPs). APRs function in a variety of defense-related
activities, thereby protecting the body by preventing
microbial growth, limiting tissue damage, and helping to
restore metabolic homeostasis. In humans, the liver is the
primary organ for APP production, which involves a range
of processes to enhance inflammation and limit exces-
sive inflammation (Strnad et al. 2017). The amphioxus
hepatic cecum, like the vertebrate liver, plays a central

role during APR (Wang and Zhang 2011). At least 58
vertebrate (zebrafish) liver-specific genes are expressed
in a tissue-specific manner in the hepatic cecum of amphi-
oxus, and 52 out of the 58 genes display similar expression
profiles in both amphioxus hepatic cecum and zebrafish
liver in response to LPS challenge, suggesting that these
genes are commonly involved in APR in both animals.
Liver-specific transcription factors such as HNF-1, HNF-4
and C/EBP are known to control the expression of APR-
related genes (Armendariz and Krauss 2009; Babeu and
Boudreau 2014; van der Krieken et al. 2015). Notably,
in both amphioxus and zebrafish, the majority of the 52
APR-related genes possess binding sites for one or more of
the above-mentioned transcription factors in the promoter
sequences, suggesting that these APR-associated factors
forms a similar network in both species for regulating the
expression of APR-related genes (Wang and Zhang 2011).

The hepatic cecum secretes APPs into the humoral fluid
and these usually have direct effector functions, including
the clearance of pathogens and the regulation of inflamma-
tory responses (Table 2). For example, the classical APPs,
including alanine aminotransaminase (Jing and Zhang
2011), transferrin (Liu et al. 2009), alpha-2 macroglobu-
lin (Liang et al. 2011), plasminogen (Liu and Zhang 2009),
tachylectin-related protein (Ju et al. 2009), fibrinogen-related
protein (Fan et al. 2008), and complement components C3
and Bf (Pan et al. 2011), all exhibit functional conservation
in amphioxus and vertebrates. Most of the hepatic cecum-
secreted APPs have antimicrobial activity or pro-inflamma-
tory function, but BjIM1 has anti-inflammatory function. It
is clear that the hepatic cecum-secreted APPs are important
for maintaining systemic homeostasis of amphioxus. Conse-
quently, the hepatic cecum can be regarded as a key integra-
tor of immunity, similar to the vertebrate liver.

In summary, recent findings regarding the function of the
hepatic cecum in immune surveillance, clearance of patho-
gens and acute phase response, all indicate that this organ
is a crucial conductor of immune and inflammatory process
in amphioxus. The similarities in liver/hepatic cecum-spe-
cific genes and immune functions between amphioxus and
vertebrates supports the notion that the amphioxus hepatic

Table 2 Humoral protein synthesis by the hepatic cecum during the acute phase response in amphioxus

Proteins Examples

Immune function

Complement proteins Clq, Bf/C2 and C3
Lectins

Antimicrobial proteins

C-type lectins, ficolins, intelectins and apextrin 1
PGRP, lysozymes, chitotriosidase, defensin, apolipoprotein

Induce bacterial cell lysis, and enhance phagocytosis
Agglutinate bacteria, and active complement
Kill or inhibit the growth of microbes

A-I, alanine aminotransaminase, fibrinogen-related protein,

AMPs, etc.

Iron-binding proteins Ferritin and transferrin

Inflammatory modulators TGF-f and BjIM1

Act to reduce free iron in the humoral fluid, and
antimicrobial functions

Anti-inflammatory functions
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cecum is the precursor of the vertebrate liver, acting as a key
integrator of immunity.
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