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Abstract Previous studies have shown the existence of a complement system in the amphioxus Branchiostoma japonicum. How-
ever, whether it has an opsonic activity similar to that of vertebrates remains unknown. We demonstrated that the humoral fluid (HF)
of amphioxus promoted the phagocytosis of yeast cells with sea bass (Lateolabrax japonicus) macrophages, whereas the C3-depleted
and heated HF significantly lost the phagocytosis-promoting capacity. In addition, the precipitation of factor B (Bf) led to a marked
loss of opsonic activity. Moreover, C3 fragments in the HF were found to bind to yeast cell surfaces. The results indicate that the
amphioxus complement system is an important element involved in the opsonic activity, which promotes the sea bass macrophage
phagocytosis by tagging yeast cells with C3 fragments via the activation of alternative complement pathway.
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1 Introduction

Mammalian complement system is composed of about
35 humoral and cell surface proteins. It can be activated
by three pathways including the classical pathway (CP),
the alternative pathway (AP) and the lectin pathway (LP).
The CP is activated by an antigen-antibody complex,
while AP is an antibody-independent route initiated by C3
as well as certain molecules on the surface of microbes.
In contrast, LP is triggered by the binding of mannose-
binding lectin to carbohydrates on microbial surfaces
(Abbas and Lichtman, 2003). Finally these three path-
ways merge at a common step involving the central com-
ponent C3, which is cleaved into C3a and C3b. C3b cova-
lently binds to the surface of the microbes via a thiolester
bond, which can also be attacked by small nucleophiles
such as methylamine (Nagar et al., 1998). The bound C3
fragments tag pathogens as non-self, act as a focus for
further complement activation and then lead to several
activities such as immune cell activation, chemotaxis,
opsonization, and lysis of pathogens, protecting host from
infection (Abbas et al., 2003).

Recent discoveries of complement components from
corals and sea anemones demonstrate that the comple-
ment system has emerged at an early stage of protostome
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evolution. Molecular cloning and analysis have identified
several components such as C3 and factor B (Bf) from the
corals (Hemmrich ef al., 2007), sea anemones (Hemmrich
et al., 2007; Kimura et al., 2009; Fujito et al., 2010), sea
urchin (Al-Sharif et al., 1998; Smith et al., 1998), as-
cidian (Nonaka et al., 1999; Yoshizaki et al., 2005) and
amphioxus (Suzuki et al., 2002; He et al., 2008), as well
as mannan binding protein-associated serine proteases
(MASPs) from the ascidian (Ji et al., 1997) and amphi-
oxus (Endo et al., 2003) and C6, a terminal component,
from the amphioxus (He et al., 2008). These findings
suggest that the primitive complement system in lower
animals has activation pathways similar to mammalian
alternative and lectin pathways (Smith et al., 1999). But
its physiological functions are poorly explored. One
physiological role of the primitive complement system, as
revealed in ascidian (Nonaka et al., 1999) and sea urchin
(Clow et al., 2004), is to enhance the phagocytic activity
of hemocytes through C3 deposition on invading mi-
crobes. Our previous studies showed that the complement
system of the amphioxus Branchiostoma japonicum
(formerly known as B. belcheri tsingtauense) is involved
in the lysis of erythrocytes and microbes via activating
alternative pathway (Zhang et al., 2003; Li et al., 2008).
However, whether the complement system of the amphi-
oxus has the opsonic activity to enhance phagocytosis by
phagocytes remains to be determined.

Amphioxus, as a cephalochordate, is the closest extant
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relative of the vertebrates. It possesses a circulation sys-
tem with an organization resembling that of vertebrates
and a genome uncomplicated by extensive genomic du-
plication (Réhr, 1979; Putnam et al., 2008), which makes
it an ideal organism for the study of comparative immu-
nology (Zhang et al., 2009). The aims of this study were
to test if the complement system of the amphioxus facili-
tates the phagocytosis by macrophages, and if so, to ex-
amine the activation pathway.

2 Materials and Methods
2.1 Preparation of Humoral Fluids (HF)

Amphioxus B. japonicum were collected from the ‘am-
phioxus ground’ near Shazikou, Qingdao, China. The
humoral fluids were prepared as described previously
(Wang et al., 2002).

2.2 Isolation of Macrophages

The macrophages were prepared using the density gra-
dient centrifugation method from the head kidneys of
Lateolabrax japonicus as described by Li et al. (2008).
The discontinuous gradient was formed by two layers of
32% and 45% percoll (Solarbio). The macrophages were
collected from 32%-45% interface, washed 3 times with
DMEM containing 10% NCS, and adjusted to 5x10° cells
mL™. The cell viability was assessed by trypan blue ex-
clusion.

2.3 Labeling of Yeasts with Fluorescein Isothiocy-
anate (FITC)

The yeast (Pichia pastoris) cells were labeled with
FITC as described by Li et al. (2008) and adjusted to
1.25%10° cells mL™.

2.4 Phagocytosis Assay

Amphioxus HF was diluted 2-fold serially (up to 4
times) with 10 mmolL™" PBS (pH 7.4). A total of 200 uL
FITC-labeled P. pastoris suspension was centrifuged at
3000 ¢ for 5min, and the pellet was resuspended in 200
pL of the serially diluted HFs and incubated at room tem-
perature in the dark on a shaker for 30 min.

Both HF-treated and non-treated P. pastoris cells were
washed 3 times with 10 mmol L' PBS and then mixed
with 200uL of macrophage suspension (5x10°cells mL™).
The mixture was incubated at room temperature in the
dark for 90 min, shaking every 5min. After centrifugation
at 200g at 4°C for 5min, the macrophage pellet was fixed
by being resuspended in 300 uL of 10mmol L™ PBS with
2% glutaraldehyde. For each smear, more than 100
macrophages were examined. The phagocytic ability (PA)
was defined as the percentage of macrophages with one
or more ingested FITC-labeled P. pastoris cells within the
total macrophage population.

2.5 Complement Activity Assay
HF was heated at 45°C for 30 min. Then the aliquots of
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200 uL heated HF were mixed with the FITC-labeled P.
pastoris cells pelleted by centrifuging 200 uLL of P. pas-
toris suspension (1.25x10° cells mL™) at 3000 g, and in-
cubated at room temperature in the dark on a shaker for
30 min. For control, the normal HF was used instead of
heated HF. The phagocytosis assays were then conducted
as above.

The capacities of the antibodies against C3 (ab23891,
Abcam Inc., USA), Bf (AF2739, R&D systems Inc.,
USA), and C4 (BA2383, Boster Inc., China) to inhibit the
opsonic activity of HF were measured by the method of
Nonaka et al. (1999). Briefly, aliquots of 200 uL. HF were
pre-incubated with anti-C3, anti-Bf and anti-C4 IgG (used
as control) at concentrations 0.20, 0.01 and 0.24 ug mL"
(Wang et al., 2008; Liang et al., 2009), respectively, and
then treated with protein A/G PLUS-agarose (sc2003,
Santa Cruz, Europe) to remove the IgG and Ag-Ab com-
plexes. The phagocytosis assays were then performed as
above.

2.6 Binding of C3 to Yeast Cells Assay

Aliquots of 1 mL of unlabelled and heat-inactivated
yeast cell suspension (1.25x10° cells mL™) were centri-
fuged at 3000 g for 5min. The pellets were resuspended in
I mL HF and heated HF separately and incubated at room
temperature for 30 min, followed by 3 washes with 10
mmol L' PBS. The treated yeast cells were then incu-
bated in 40 uL of the elution buffer (10mmol L™ Tris-HCI
buffer containing 1% SDS, 10 mmol L' EDTA and 100
mmol L' methylamine hydrochloride, pH8.5) at room
temperature for 30 min (Grondahl et al., 2001). The mix-
tures were centrifuged at 3000 g and the supernatant was
collected and subjected to SDS-PAGE (12%) and West-
ern blotting analyses as described previously (Zhang et al.,
2003). Human serum was used as a positive control and
processed similarly.

2.7 Statistical Analysis

The phagocytosis experiments were performed in trip-
licate and conducted three times. Statistical evaluation
was performed by Student's t-test and P<0.05 was consid-
ered significant. All data were described as means =+ stan-
dard deviation.

3 Results

3.1 Enhancement of the Phagocytosis of Sea Bass
Macrophages by Amphioxus HF

To test the opsonic activity of amphioxus HF, phagocy-
tosis was determined after yeast cells were treated with
HF isolated from amphioxus. It was found that amphi-
oxus HF could markedly promote the phagocytosis of sea
bass macrophages, compared to non-opsonized control
(Fig.1). The opsonic activity of amphioxus HF was in a
dose-dependent manner. Significant enhancement of
phagocytosis was still detectable even when the HF was
diluted 4 folds.
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Fig.1 Opsonic activity of amphioxus HF. The FITC-
labeled yeast cells were pre-incubated with serially-
diluted HF for 30 min, and then incubated with sea bass
macrophages for 90 min. For each example, at least 100
macrophages were tested. The opsonic activity was
evaluated by the phagocytic ability (PA) (see Materials
and Methods). The values are means £ S.D. from three
experiments. The bars represent the standard deviations
of the mean, and the star * denotes statistically signifi-
cant differences (P<0.05).

3.2 Complement Activity

The phagocytosis of sea bass macrophages was signifi-
cantly reduced when yeast cells were opsonized with am-
phioxus HF, which was heated at 45°C for 30 min (Fig.2).
This indicated the role of complement in the opsonic ac-
tivity of amphioxus HF. Moreover, the pre-incubation of
HF with anti-C3 antibody resulted in a significant reduc-
tion of phagocytosis of the macrophages. Similarly, the
pre-incubation of HF with the antibody against Bf, a key
enzyme involved in the AP activation, also led to a re-
markable decrease in the opsonic activity of HF. In
contrast, the pre-incubation of HF with anti-C4 antibody
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Fig.2 Effects of heating and antibodies against C3, Bf
and C4 on the opsonic activity. HF was heated or pre-
incubated with excess antibodies against C3, Bf and C4,
and then treated with protein A/G PLUS-agarose to re-
move IgG and Ag-Ab complexes. The FITC-labeled
yeast cells were pre-incubated with the treated HF and
normal HF, respectively, for 30 min, and then incubated
with sea bass macrophages for 90 min. For each example,
at least 100 macrophages were tested. The opsonic ac-
tivity was evaluated by the phagocytic ability (PA) (see
Materials and Methods). The values are means + S.D.
from three experiments. The bars represent the standard
deviations of the mean, and the star * denotes statisti-
cally significant differences (P<0.05).

(used as control) had little influence on the opsonic
activity of HF. These data suggested that the activation of

the AP is associated with the opsonic activity in amphioxus
HF.

3.3 Binding of C3 Fragments to Yeast Cells

Western blotting was done to test the ability of C3 in
HF to bind the yeast cells. As shown in Fig.3, anti-C3
antibody reacted with both amphioxus HF and human
serum, both yielding two main bands (~110kDa; ~70kDa)
matching C3a and C3f chains, respectively, and two mi-
nor bands (~40kDa; ~10kDa) which could not be defined
precisely. This confirmed the presence of C3 in amphi-
oxus HF reported by Zhang et al. (2003) and Liang et al.
(2009). Western blotting also revealed that two bands
with molecular masses of ~66 and ~20 kDa were moni-
tored in the eluates from yeast cells which had been incu-
bated with amphioxus HF (Lane A in Fig.3), whereas no
matching fragments were detected in the eluates derived
from the yeast cells incubated with heated HF (Lane B in
Fig.3), suggesting that the positive bands were cleaved
fragments of C3. This implicated that C3 fragments in
amphioxus HF were able to bind to yeast cell surfaces.
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Fig.3 Western blot. Yeast cells were incubated with
nomal HF (lane A) and heat-inactivated HF (lane B), re-
spectively, and the proteins eluted from yeast cells were
analyzed by SDS-PAGE and Western blot. Lane HS,
Human serum; Lane HF, amphioxus humoral fluid. M
shows the protein marker with molecular mass of 200kD,
116 kD, 97.2kD, 66.4kD and 44.3kD from top to bot-
tom.

4 Discussion

Molecular cloning and analysis have demonstrated the
existence of a primitive complement system in the pro-
tostome including corals and sea anemones and the deu-
terostome invertebrates such as sea urchin, ascidian and
amphioxus. However, whether this system existing in the
above animals could function as that in vertebrates re-
mains largely unknown. One physiological role of the
primitive complement system of ascidian (Nonaka et al.,
1999) and sea urchin (Clow et al., 2004) is to enhance the
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phagocytic activity of hemocytes through C3 deposition
on microbes. As amphioxus lacks free circulating blood
cells (Zhang et al., 2009) and pilot experiments have
shown that amphioxus HF was able to enhance the
phagocytosis by the macrophages of sea bass (data not
shown), we therefore used sea bass macrophages to test
the opsonic activity of HF in this study. We clearly dem-
onstrated that the amphioxus HF has opsonic activity in a
dose-dependent manner (Fig.1).

From the results it can be concluded that the comple-
ment system is an important element involved in the in-
terplay between primitive chordate amphioxus HF and
macrophages of sea bass. First, the phagocytic ability of
the macrophages was significantly reduced by heating the
HF at 45°C, a temperature known to inactivate amphioxus
complement (Zhang et al., 2003). Second, the phagocytic
ability was markedly decreased by the pre-incubation of
the HF with anti-C3 antibody, a process leading to the
precipitation of C3, the central component of all known
complement pathways. It has been reported that C3-
cleaved product C3b can bind to the surface of the mi-
crobes and function as an opsonin in both mammals and
fish (van Lookeren Campagne et al., 2007). In agreement
with this, the western blot result clearly demonstrated the
binding of cleaved fragments of C3 to yeast cell surfaces,
providing additional evidence that C3 in the HF acts as an
opsonin.

Additionally, the precipitation of Bf led to a significant
reduction of opsonic activity. It denotes that the activation
of the AP pathway is primarily responsible for the
opsonic activity of the HF, which is in line with our pre-
vious observation showing that the complement system of
amphioxus is able to lyse erythrocytes and microbes via
activation of the AP (Zhang et al., 2003; Li et al., 2008).
This finding of a complement function in a deuterostome
invertebrate species adds substantially to the accumulat-
ing evidence of a common ancestry of immune responses
in invertebrates and vertebrates.

In conclusion, this study highlights the interplay be-
tween the complement systems of the lower animals (a
deuterostome invertebrate) and the macrophages of the
vertebrates (bony fish) via demonstrating the enhance-
ment of the phagocytosis of amphioxus C3-opsonized
yeast cells by sea bass macrophages. This bolsters the
notion that the complement system in both invertebrates
and vertebrates shares a common ancestry.
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