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A B S T R A C T

Integrins are an important family of cell receptors that can bind foreign particles and promote cell phagocytosis
after they are activated. In the present study, a novel β integrin was identified from pacific oyster Crassostrea
gigas with an extracellular domain, a single transmembrane segment, and a short cytoplasmic domain. It was
phylogenetically clustered with phagocytosis-related insecta βV, and designated as CgβV. CgβV shared a con-
served NPX[Y/F] motif related to integrin activation with other phagocytosis-related β integrins. The mRNA
transcripts of CgβV were widely detected in oyster tissues including hemocytes, gonad, adductor muscle, mantle,
gill, and hepatopancreas, and the expression level in hemocytes was significantly up-regulated at 12 h after
lipopolysaccharide (LPS) stimulation (p < 0.05), which was 2.29-fold higher than that in the control group.
CgβV proteins were mainly observed on the hemocytes surface. The oyster hemocytes were found to bind
fluorescein isothiocyanate (FITC)-labeled Arg-Gly-Asp-containing peptides (RGDCPs), and the binding capability
was significantly up-regulated with the peak percentage of 37.6% at 12 h post LPS stimulation, which was higher
than that in the control group (8.8%, p < 0.05), suggesting the activation of RGD-binding integrins on oyster
hemocytes surface. The label-free RGDCPs and anti-CgβV antibody inhibited the binding capability of hemocytes
towards FITC-labeled RGDCPs, which were significant lower in RGD blocking group (7.4%, p < 0.05) and anti-
CgβV blocking group (22.1%, p < 0.05) than that in the control group (37.6%), indicating that CgβV could be a
RGD-binding integrin. Phagocytosis assay demonstrated that LPS could enhance the phagocytosis of hemocytes
towards Escherichia coli and fluorescent beads with the phagocytic rate (PR) of 18.3% and 17.4%, and phagocytic
index (PI) of 5.29 and 37.71, respectively, which were significant higher than that in the control group (11.0%
and 3.65 for E. coli, 9.8% and 29.26 for fluorescent beads, respectively, p < 0.05). In addition, both the label-
free RGDCPs and anti-CgβV antibody significantly hindered the phagocytosis of hemocytes towards E. coli and
fluorescent beads. After the E. coli and fluorescent beads were opsonized by oyster serum, the label-free RGDCPs
still inhibited the phagocytosis of hemocytes towards them, while the anti-CgβV antibody could only inhibit the
phagocytosis of hemocytes towards E. coli, suggesting that only the activated CgβV was involved in the en-
hancing phagocytosis for bacteria in oyster. Moreover, the key components of conserved integrin-mediated
phagocytosis pathway including GTPases, talin proteins, Ca2+ and cAMP were all induced by LPS in hemocytes
of oyster. All these results suggested that the activated CgβV enhanced RGD-binding and phagocytic capabilities
of hemocytes, shedding lights on the mechanisms of integrin-mediated phagocytosis in mollusks.

1. Introduction

Integrins, a family of cell receptors, are heterodimers assembled by
two distinct α and β subunits [1]. As important well known adhesion

molecules, they are widely distributed on most cell surfaces to mediate
cell-cell and cell-extracellular matrix (ECM) interactions, and partici-
pate in cell communication [2]. Evolutionarily, integrins are conserved
in metazoans from sponges to humans, and function in multiple
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physiological and pathological processes including immune responses,
cell adhesion and migration, apoptosis, and tissue repair [3,4].

The interactions between integrins and ligands play crucial roles in
integrin-mediated cellular processes [5]. In vertebrates, there are 18 α
subunit genes and eight β subunit genes constituting at least twenty-
four heterodimers [4]. According to the ligand types from ECM mole-
cules, these twenty-four integrins can be classified into leucine-aspartic
acid-valine (LDV)-binding receptors, Asp-Gly-Arg (RGD)-binding re-
ceptors, laminin receptors, and collagen receptors. The LDV-binding
receptors bind the LDV containing peptides from laminins and col-
lagens, while eight out of twenty-four integrins recognize the RGD-
containing peptides (RGDCPs) in the native ligands such as collagens,
fibronectins and certain laminin isoforms [1,6]. Upon ligands binding,
the conformation of integrins changes, which could initiate multiple
downstream signaling cascades associated with cellular immunity, cell
motility, cell proliferation, and cell differentiation [2,6,7]. In in-
vertebrates, the definitive number of integrin subunits is not well in-
vestigated, which has greatly impeded the study on α-β subunits
pairing as well as integrin-ligand interaction. Recently, the accumu-
lating evidences have revealed that RGDCPs can bind hemocytes and
inhibit the cell activities in many invertebrates such as Botryllus
schlosseri [8], Pacifastacus leniusculus [9], Lymnaea stagnalis [10], My-
tilus trossulus [11], C. gigas [12] and etc., suggesting the existence of
RGD-binding integrins in such animals.

In mammals, several integrins have been demonstrated to mediate
cell phagocytosis. For example, integrin αMβ2 was identified as the first
phagocytic integrin, which displayed an essential role in the uptake of
complement-opsonized microorganisms and apoptotic cells in macro-
phages [13]. Mammalian integrin αVβ3 and αVβ5, the professional
receptors for phagocytosis of apoptotic cells, can serve as opsonin re-
ceptors in cell phagocytosis [14]. In invertebrates, the studies on in-
tegrin-mediated phagocytosis are mainly focused on the roles of β
subunits. For instances, shrimp β subunit can recognize the white spot
syndrome virus (WSSV) envelope protein VP187 with the RGD motif,
which provides the basis for specific engulfment of WSSV by hemocytes
[15]. Drosophila β subunit acts as a receptor for bacterial cell wall
components and apoptotic cells to promote the phagocytosis [16]. It is
also reported that a β subunit in Chinese white shrimp F. chinensis
serves as an opsonin receptor to interact with the hemolymph C-type
lectin, and mediates opsonin-dependent phagocytosis [17]. The β sub-
units can directly recognize foreign targets and participate in opsonin-
dependent phagocytosis, suggesting the diverse and complex roles of
integrins in invertebrate phagocytosis.

It has been reported that mammalian phagocytosis-related integrins
(αMβ2, αVβ3 and αVβ5) exist in at least three different conformations
on phagocytes surface in the dynamic transformation [18]. The inactive
integrins are folded over with a low binding affinity for ligands, and
they do not involve in the signaling cascade. After integrins are primed,
their activities are straightened to bind ligands with higher affinity. The
activated integrins exhibit the highest affinity to bind ligands [6].
Exogenous lipopolysaccharide (LPS) is the activator for membrane in-
tegrins to induce the accumulation of intracellular GTPases (e.g., CDC-
42, Ras, Rap-1). It is necessary and sufficient to prime ligand binding
and phagocytic properties of extracellular part of integrin [18,19]. The
intracellular part of integrin further recruits and phosphorylates talin
proteins to induce the conformational change of integrin, which acti-
vates integrin to enhance the cell activities of ligand binding and
phagocytosis [20,21]. In invertebrates, several different integrin sig-
naling pathways in phagocytosis have been identified, such as α/CDC-
42 pathway in Caenorhabditis elegans [22], β/Ras pathway in Ceratitis
capitate [23], and β/MAPK pathway in medfly [24]. But the mechan-
isms of integrin activation and integrin-mediated phagocytosis are not
well understood because of the lack of activation indicators and
structural information.

As an important mollusk species inhabiting in intertidal zone, the
pacific oyster Crassostrea gigas has evolved a set of sophisticated defense

system, and phagocytosis is one of the most important immune reac-
tions [25]. The recent released whole genome sequence of oyster pro-
vides useful information to understand its immune system [26], and the
conserved functional elements or domains (GTPases, talin, and etc.) for
integrin activation and integrin-mediated phagocytosis have been an-
notated referring to those in mammals [18,27]. In the present study, a
novel β integrin (CgβV) was identified from C. gigas, which could
mediate phagocytosis as reported insecta βV. Its activation mechanism
and role in phagocytosis were further investigated, hopefully to provide
evidences for better understanding of integrin-mediated cell phagocy-
tosis in mollusks.

2. Materials and methods

2.1. Experimental animals

Pacific oysters C. gigas (with 120–160 g in weight) were collected
from an aquaculture farm in Qingdao, China and cultured in aerated
water tank for one week before processing. Three five-week-old female
Kunming mice were provided by the Qingdao Institute of Drug Control.
All the experiments were approved by the Ethics Committee of the
Institute of Oceanology, Chinese Academy of Sciences.

2.2. Immune stimulation and sample collection

After temporarily cultured, sixty oysters were divided into two
groups. Thirty oysters stimulated with 100 μL of filtered seawater were
used as the control group. The other thirty oysters received an injection
with 100 μL of LPS (1mg/mL) were used as experimental group. Six
individuals were randomly sampled from each group at 0, 3, 6, 12 and
24 h post stimulation, and the hemolymph (1.0–1.5 mL per oyster) were
collected from oyster hematococoel by using sterile syringe. The he-
mocytes and serum were separated by centrifugation at 800 g, 4 °C for
10min. The tissues samples from unstimulated oyster tissues, including
gill, mantle, adductor muscle, hepatopancreas, gonad and hemocytes,
were collected to examine the distribution of CgβV mRNAs.

2.3. RNA extraction and quantitative real-time PCR (qRT-PCR) analysis

Total RNA was extracted with Trizol reagent (Invitrogen), and the
cDNA was synthesized by using M-MLV reverse transcriptase (Promega)
according to the manufacturer's information. The mRNA expression
level of CgβV was detected by SYBR Green fluorescent qRT-PCR with
the specific primers (Table 1) on ABI PRISM 7500 Sequence Detection
System (Applied Biosystems). The C. gigas elongation factor (CgEF) gene
fragment was employed as the internal control [28]. The relative mRNA
expression level of CgβV was analyzed by comparative Ct method (2-
△△Ct method) [29] (n= 6).

Table 1
Primers used in this study.

Primer purpose Primer name Sequence(5′-3′)

Clone primers P1 (oligo (dT)-
adaptor)

GGCCACGCGTCGACTAGTACT17

P2 (CgβV-F) CAACGTCTCAACGAGCTT
P3 (CgβV-R) CCTATAACTTTCGCCGAT

RT primers P4 (CgβV-RT-F) CCTTTATTCACCGCCTAT
P5 (CgβV-RT-R) ATGTTGTTCTCCCTTGCT
P6 (CgEF-RTF) AGTCACCAAGGCTGCACAGAAAG
P7 (CgEF-RTR) TCCGACGTATTTCTTTGCGATGT

Recombination
primers

P8 (CgβV-Re-F) GGAATTCCAACGTCTCAACGAGCTT
P9 (CgβV-Re-F) CCGCTCGAGCCTATAACTTTCGCCGAT
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2.4. Sequence analysis

The amino acid sequence of CgβV (GenBank accession: EKC35462.
1) was retrieved from NCBI (http://www.ncbi.nlm.nih.gov), and sub-
mitted to SMART (http://smart.embl-heidelberg.de/) to predicate the
deduced protein domains. Multiple amino acid sequence alignments
among CgβV and five selected phagocytosis-related β integrins from

human and Drosophila were conducted using Clustal Omega tool
(http://www.ebi.ac.uk/Tools/msa/clustalo/), and the results were
generated in the online platform (http://www.bio-soft.net/sms/) [30].
A phylogenetic tree was constructed by using MEGA 6.06 software with
the neighbor-joining method based on all full-length β integrin protein
sequences from different species (Table 2). A bootstrapping test was
adopted with 1000 replications, and the phylogenetic tree was then
edited online using iTOL tool (http://itol.embl.de/) [31].

2.5. Gene cloning and polyclonal antibody preparation

The cDNA fragment of 663 bp encoding the amino acids sequences
from Q116 to R336 of CgβV extracellular part was amplified by ExTaq
DNA polymerase (Takara) with the specific cloning primers (Table 1).
The PCR products were inserted into pMD19-T simple vector (Takara),
and verified by nucleotide sequencing, and then integrated into pET-
30a expression vector (Novagen), and expressed in E. coli Rosetta (DE3)
system (TransGen Biotech). The Nickel-NTA Agarose column (Roche)
chromatography was employed to purify His-tagged recombinant pro-
teins according to the descriptions previously [32]. Subsequently, the
purified recombinant CgβV protein (rCgβV) was dialyzed against TBS
(50mM Tris-HCl, 150mM NaCl, pH 7.4) at 4 °C for three times, and the
concentration was determined according to BCA assay kit (Sigma-Al-
drich). The purified rCgβV (1 μg/μL) was used to prepare mouse poly-
clonal antibody referring to the previous report [33]. After four im-
munizations with rCgβV and adjuvant (Sigma-Aldrich), the serum of
mouse was collected and then purified according to the protocol from
IgG Purification Kit-G (Dojindo).

2.6. Western blotting analysis

Western blotting was employed to examine CgβV proteins from
hemocytes (5×106 cells) and gill post LPS stimulation at 12 h. After
SDS-PAGE, the protein bands from hemocytes and gill were electro-
phoretically transferred onto nitrocellulose membrane and blocked in
5% skim milk powder solution. The membrane was incubated succes-
sively with the mouse anti-CgβV antibody solution (diluted by 1:1000)
at 4 °C overnight and 1:3000 (v/v) diluted HRP-conjugated goat-anti-
mouse IgG (Abcam) at 4 °C for 2 h followed by thoroughly washing with
TBST (50mM Tris-HCl, 150mM NaCl, 0.05% Tween-20, pH 7.4).
Finally, the membranes were incubated in western lighting-ECL sub-
strate system (Perkin Elmer) for imaging under ChemiDoc™ MP system
(BIO-RAD).

2.7. Subcellular localization analysis

Immunofluorescence assay was performed to detect the subcellular
localization of CgβV proteins. The collected hemocytes were re-
suspended in modified L-15 medium (0.54 g/L KCl, 20.2 g/L NaCl,
0.6 g/L CaCl2, 3.9 g/L MgCl2, 1 g/L MgSO4) [34], and 20 μL of the re-
suspension was seeded onto glass slides for cell adhesion. The hemo-
cytes were fixed with 4% paraformaldehyde prepared in PBS
(137mmol/L NaCl, 2.7mmol/L KCl, 10mmol/L Na2HPO4, 2mmol/L
KH2PO4, pH 7.4) at room temperature for 15min, and blocked by 3%
BSA solution for 1 h. After washed three times with PBS, the hemocytes
were incubated successively with anti-CgβV antibody solution at a di-
lution of 1:250 for 1 h and Alexa Fluor 594-conjugated goat anti-mouse
secondary antibody (Abcam) solution at a dilution of 1:250 for another
1 h. Finally, the cell nucleus was dyed with DAPI (Beyotime Biotech) for
5min, and observed under a laser confocal scanning microscopy (Carl
Zeiss LSM 710).

2.8. The detection of RGDCPs binding to hemocytes

The peptides RGDCPs (GRGDSP, 10mg) and FITC labeled-RGDCPs
(GRGDSP, 10mg) with the purity of> 95% were synthesized by

Table 2
Species, proteins and GenBank accession numbers of β integrins used in phy-
logenetic reconstructions.

Species Name Accession

Caenorhabditis elegans beta pat3 NP_497787.1
Biomphalaria glabrata beta AAC67503.1
Anopheles gambiae beta int1 CAC00630.1

betaV AAM11657.1
Drosophila melanogaster betaPS3 AAA28714.1

betaV NP_523608.2
Litopenaeus vannamei beta-1 ADK56123.1

beta-2 ACY82398.1
Crassostrea gigas betaV EKC35462.1
Nematostella vectensis beta-1 XP_001641468

beta-2 XP_001627336
beta-3 XP_001637894
beta-4 XP_001621822

Homo sapiens beta1 CAD97649
beta2 AAP88748
beta3 AAA60122
beta4 CAA37656
beta5 AAP88764
beta6 AAA36122
beta7 AAB23688
beta8 AAA36034

Fig. 1. Western blotting analysis of CgβV proteins in gill and hemocytes.
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Fig. 2. Sequence features of CgβV. (A) Prediction of protein domains by SMART analysis. (B) Multiple sequence alignments of CgβV with known phagocytosis-
related β integrins such as Drosophila melanogaster βV (NP_523608.2), Homo sapien β1 (CAD97649), Homo sapien β2 (AAP88748), Homo sapien β3 (AAA60122), Homo
sapien β5 (AAP88764). The similar (consensus > 70%) and same amino acids are with light blue and dark blue background, respectively. Gaps are indicated by
dashes to improve the alignment. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Sangon Biotech (Shanghai, China). The collected hemocytes were re-
suspended in modified L-15 medium (106 cells/mL), and then incubated
with FITC labeled-RGDCPs (0.01 mg/mL) for 30min. After extensive
washing with modified L-15 medium, the hemocytes with FITC labeled-
RGDCPs were fixed on glass slides and dyed with DAPI and observed
under a laser confocal scanning microscopy (Carl Zeiss LSM 710). The
percentage of hemocytes with FITC labeled-RGDCPs was determined by
flow cytometry (BDFACSArial Ⅱ). The label-free RGDCPs (0.01 mg/mL)
and anti-CgβV antibody (diluted by 1:50) were used to block the

binding of hemocytes towards FITC labeled-RGDCPs, which were set as
RGD blocking group and anti-CgβV blocking group, respectively. There
were three replicates for each sample.

2.9. The measurements of Ca2+ andcAMP levels

The level of Ca2+ was determined with fluorescence probe Rhod-2
AM (Thermo scientific, 1.0 μmol/L) according to the protocol. In brief,
hemocytes (106 cells/mL) were incubated with the probes (5.0 μL) at

Fig. 3. Phylogenetic tree. Species, proteins and Genbank accession numbers of integrins used in phylogenetic reconstructions were listed in Table 2.

Fig. 4. The distribution of CgβV mRNA tran-
scripts in tissues and subcellular localization of
CgβV proteins. (A) Relative mRNA expression levels
of CgβV in different tissues. Results are shown as
mean ± S.D. (n= 6), and the letters (a, b, c etc.)
presented significant differences p < 0.05. (B)
Localization of CgβV protein in oyster hemocytes.
CgβV was visualized by Alexa 594-labeled secondary
antibody (red color), and the nucleus of hemocytes
were stained by DAPI (blue color). Bar= 5 μm. (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)
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37 °C for 45min and washed twice with modified L-15 medium. After
centrifugation at 800 g for 10min, the mean fluorescence intensity
(MFI) of the cells was determined by flow cytometry (BDFACSArial Ⅱ).

The concentration of cAMP was measured according to the in-
struction of cAMP Direct Immunoassay Kit (Abcam). The hemocytes
were collected by centrifugation at 12,000 g for 10min, and lysed
completely by lysis reagent in the kit. The hemocyte lysates were cen-
trifuged and the supernatant was collected as testing sample. The
samples and the standard cAMP were neutralized and acetylated using
the neutralizing buffer and acetylating reagent, respectively. For the
quantification, 50 μL standard cAMP and testing samples were added
into the Protein G coated 96-well plate. After blended by incubation
with 10 μL cAMP antibody for 1 h, they were incubated with 10 μL
cAMP-HRP for another 1 h with gentle agitation. After extensive
washing, 100 μL of HRP developer was added into wells and incubated
for 1 h. The reaction was then stopped by the addition of 100 μL of
1mol/L HCl. The absorbance was detected by a microtiter plate reader
(BioTek) at 450 nm. The background absorbance of the substrate was
subtracted from all standards and samples. The molar concentration of
cAMP in hemocytes was determined from standard curves generated by
using standard cAMP [35].

2.10. The determination of talin protein levels and GTPase activity

The GTPase activity was determined referring to previous report

[36]. GTPases hydrolyze GTP to release phosphate, and the released
phosphate content can reflect the GTPase activity of hemocytes. Briefly,
10 μL of supernatant from hemocytes lysates as the testing sample (or
10 μL of assay buffer as negative control) was mixed with 20 μL assay
buffer and 10 μL of guanosine triphosphate (GTP) (4mM), and in-
cubated at 37 °C for 30min. Then, 200 μL of Stop Reagent was added
into each well and incubated for an additional 30min at room tem-
perature to terminate the enzyme reaction and generate the colori-
metric product. The absorbance values of the released phosphate were
read at 620 nm for all samples.

Talin is an ancient and conserved protein found in organisms ran-
ging from the amoebozoan protozoa to mammals [37]. The oyster talin
protein was detected by commercial ELISA kit (CUSABIO) according to
protocol of manufacturer. The final absorption value was determined at
450 nm by a microplate reader (BioTek). A relative quantitative method
was used to reflect the changes in expression level of talin protein and
GTPase activity in hemocytes. The OD values from stimulation groups
were normalized to the control group. There were three replicates for
each sample.

2.11. Phagocytosis assay

The bacteria (E. coli) were firstly fixed with absolute formaldehyde
at room temperature for 10min, and then washed three times with
0.1 M NaHCO3 (pH 9.0). They were incubated with 1mg/mL FITC

Fig. 5. The changes of CgβV mRNA expression level and percentages of FITC-labeled RGDCPs hemocytes after LPS stimulation. (A) The temporal changes of
CgβV mRNA expression level in hemocytes post LPS and seawater stimulation. (B) Flow cytometry analysis about the percentage changes of FITC-positive hemocytes
after LPS stimulation. Results are shown as mean ± S.D. (n = 3). The double asterisk (**) presented significant differences p < 0.01, and the letters (a, b, c etc.)
presented significant differences p < 0.05. (C) Immunofluorescence analysis about FITC-positive hemocytes post LPS stimulation. The RGDCPs positive hemocytes
was visualized by FITC fluorescence (green color), and the nucleus of hemocytes were stained by DAPI (blue color). Bar= 10 μm. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)
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(Sigma-Aldrich) overnight to prepare FITC-labeled bacteria. In the
phagocytosis assay without opsonization, hemocytes (106 cells/mL)
were directly incubated with FITC-labeled E. coli (108 CFU/mL) and
fluorescent yellow-green latex beads (Sigma-Aldrich, 2 μm, 108 beads/
mL) at room temperature for 1 h with gentle rotation. For opsonic
phagocytosis assay, FITC-labeled bacteria and fluorescent beads were
previously incubated with oyster serum for 1 h, and then incubated
with oyster hemocytes for cell phagocytosis. RGDCPs and anti-CgβV
antibody were used to block the corresponding integrins on hemocytes
before the hemocytes were mixed with phagocytic particles. Pre-im-
mune mouse serum and modified L-15 medium were used in negative
control and blank group, respectively. The information of all treatment
groups was listed in Table S1. The phagocytic activities of hemocytes
from oysters stimulated with LPS or not were detected by flow cyto-
metry (BDFACSArial Ⅱ). The phagocytic rate (PR) and the phagocytic
index (PI) were calculated by the percentage of hemocytes with fluor-
escence signals and the MFI of hemocytes, respectively [32]. There
were three replicates for each sample.

2.12. Statistical analysis

All data were shown as mean ± S.D. The two-sample Student's t-
test was performed for the comparisons between groups. Multiple group
comparisons were executed by one-way ANOVA with a Tukey multiple
group comparison test using PASW Statistics 18 software.

3. Results

3.1. The sequence characteristics of CgβV

The open reading frame (ORF) of CgβV (GenBank accession:
EKC35462.1) encoded a polypeptide of 691 amino acids with a pre-
dicted molecular mass of 76.29 kDa. Western blotting analysis revealed
a specific protein band with the similar molecular mass from hemocytes
or gill sample (Fig. 1). There were a large extracellular portion con-
taining an N-terminal portion of extracellular INB domain, an EGF
domain, an Integrin_B_tail domain, a single transmembrane segment
and a short cytoplasmic Integrin_b_cyt domain in the deduced domains

of CgβV (Fig. 2A).
BLAST analysis revealed significant sequence similarity between

CgβV and five phagocytosis-related β integrins from human and insect.
High conserved feature of NPX[Y/F] motif (residues N668PIY671 in
CgβV) was identified in cytoplasm segment near the transmembrane
region of these β integrins, which were marked by double red underline
in Fig. 2B. A phylogenetic tree of 21 selected β integrins from different
species was constructed by the neighbor-joining method, and all the
members were distinctly separated into four distinct groups including
chordate β, protostome β, early metazoan β and insecta βV. CgβV was
clustered with Anopheles gambiae βV and Drosophila melanogaster βV,
and assigned into the insecta βV group (Fig. 3).

3.2. The distribution of CgβV mRNA in tissues and subcellular localization
of CgβV proteins

The expression levels of CgβV mRNA in the different tissues were
examined by qRT-PCR (Fig. 4A). The highest mRNA expression level of
CgβV was detected in hemocytes, which was 40.69-fold of that in he-
patopancreas (p < 0.05). The mRNA expression levels of CgβV was
relatively higher in gill (34.62-fold of that in hepatopancreas,
p < 0.05), while lower in mantle, gonad and adductor muscle with
12.88-fold (p < 0.05), 11.37-fold (p < 0.05) and 2.82-fold
(p < 0.05) of that in hepatopancreas, respectively (Fig. 4A).

Immunofluorescence assay was performed to detect the subcellular
localization of CgβV proteins in oyster hemocytes. CgβV, indicated by
Alexa Fluor 594-conjugated antibody, was observed in the red color,
which was mainly localized on the hemocytes membrane (Fig. 4B).

3.3. The expression pattern of CgβV mRNA in hemocytes after LPS
stimulation

The expression of CgβV mRNA in hemocytes was examined by qRT-
PCR at 0, 3, 6, 12, and 24 h after LPS stimulation. The mRNA expression
level of CgβV was only upregulated at 12 h, which was 2.29-fold
(p < 0.05) of that in the control group (seawater treatment group). No
significant change was detected at other time-points post LPS stimula-
tion (Fig. 5A).

3.4. The enhanced binding activity of hemocytes towards RGDCPs induced
by LPS

The percentage of hemocytes with FITC-labeled RGDCPs after LPS
stimulation was determined by flow cytometry to evaluate the activa-
tion of RGD-binding integrins. No significant difference in the percen-
tages of hemocytes with positive signals of FITC was observed between
the seawater stimulation group and the blank group (data not shown).
The percentage of hemocytes with FITC signals was about 8.8% in the
blank group (before LPS stimulation), while it increased to 11.7%
(p < 0.05), 37.6% (p < 0.05), and 17.9% (p < 0.05) at 6, 12 and
24 h post LPS stimulation, respectively (Fig. 5B).

The positive signals of FITC could be visually observed under con-
focal scanning microscopy (Fig. 5C). The percentage of hemocytes with
FITC signals peaked at 12 h post LPS stimulation, indicating the possible
activation of RGD-binding integrins. The hemocytes samples stimulated
by LPS for 12 h were selected for blockage experiments with label-free
RGDCPs and anti-CgβV antibody. The percentage of hemocytes with
FITC signals in RGD blocking group was significantly lower than that in
the control group (7.4% vs. 37.6%, p < 0.05). It was 22.1% in anti-
CgβV blocking group, which was significantly lower than that in the
control group (37.6%, p < 0.05) and significantly higher than that in
RGD blocking group (7.4%, p < 0.05) (Fig. 6).

Fig. 6. The inhibition of hemocytes binding to FITC-labeled RGDCPs by
RGDCPs or antibody. Results are shown as mean ± S.D. (n= 3), and the
letters (a, b, c etc.) presented significant differences p < 0.05.
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3.5. The enhanced phagocytic capabilities of oyster hemocytes induced by
LPS

The phagocytic capabilities of oyster hemocytes stimulated by LPS
stimulation for 12 h were determined to investigate the functions of
integrins. The PRs towards FITC-labeled E. coli and yellow-green latex
beads were significantly upregulated to 18.3% (p < 0.05) and 17.4%
(p < 0.05) after LPS stimulation, which were significant higher than
11.0% for E. coli and 9.8% for beads in the control group without LPS
stimulation, respectively (Fig. 7). The PIs were also increased sig-
nificantly with the MFI values of 5.29 towards E. coli (p < 0.05) and
37.71 towards beads (p < 0.05) in LPS group, compared to 3.65 (E.
coli) and 29.26 (beads) in the control group (Fig. 7), respectively.

The phagocytosis of the LPS stimulated hemocytes were also de-
tected after they were blocked by RGDCPs and anti-CgβV antibodies to
reveal the possible roles of CgβV in phagocytosis. The PR of hemocytes
towards FITC-labeled E. coli not opsonized by oyster serum was 18.3%
(Blank + NOp group), which was significantly higher than 11.5% (RGD
blocking + NOp group, p < 0.05) in the group blocked by RGDCPs
and 14.5% (Anti-CgβV blocking + NOp group, p < 0.05) in the group
blocked by anti-CgβV antibodies, respectively (Fig. 8A). The PI of he-
mocytes was significantly decreased from 5.29 (Blank + NOp group) to
3.81 (RGD blocking + NOp group, p < 0.05) and 4.26 (Anti-CgβV
blocking + NOp group, p < 0.05) after the hemocytes were blocked by

RGDCPs and anti-CgβV antibodies, respectively (Fig. 8B).
After the FITC-labeled E. coli was opsonized by oyster serum, the PR

of hemocytes significantly increased from 18.3% (Blank + NOp group)
to 27.8% (Blank + Op group) (p < 0.05), while it significantly de-
creased from 27.8% (Blank + Op group) to 20.3% (RGD blocking + Op
group, p < 0.05) and 24.9% (Anti-CgβV blocking + Op group,
p < 0.05) after the hemocytes were blocked by RGDCPs and anti-CgβV
antibodies, respectively (Fig. 8A). The PI of hemocytes significantly
increased from 5.29 (Blank + NOp group) to 6.73 (Blank + Op group,
p < 0.05) after FITC-labeled E. coli was opsonized by oyster serum,
while it decreased significantly from 6.73 (Blank + Op group) to 4.23
(RGD blocking + Op group, p < 0.05) and 5.64 (Anti-CgβV
blocking + Op group, p < 0.05) after the hemocytes were blocked by
RGDCPs and anti-CgβV antibodies, respectively (Fig. 8B). In addition,
the PR towards FITC-labeled E. coli was 20.3% (RGD blocking + Op
group) after the hemocytes were blocked by RGDCPs, which was sig-
nificantly lower than that of 24.9% (Anti-CgβV blocking + Op group,
p < 0.05) after the hemocytes were blocked by anti-CgβV antibodies
(Fig. 8A) The PI towards FITC-labeled E. coli was also significantly
lower in RGD blocking + Op group than that in Anti-CgβV
blocking + Op group (4.23 vs. 5.64, p < 0.05) (Fig. 8B).

After the beads were opsonized, no significant differences in PRs
were observed in Blank + Op group compared to Blank + NOp group
(16.9% vs. 17.4%, p > 0.05). The anti-CgβV antibodies could not

Fig. 7. The changes of hemocytic phagocytic activity after LPS stimulation. (A) Flow cytometry analysis about the changes of phagocytic activity after LPS
stimulation. (B) The changes of phagocytic rate. (C) The changes of phagocytic index. Results are mean ± S.D. (n = 3), and the single or double asterisk (* or **)
presented significant differences p < 0.05 or p < 0.01.
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inhibit the phagocytic capabilities towards beads whether they were
opsonized by oyster serum or not, and no significant differences in PRs
were observed between Anti-CgβV blocking + NOp group and
Blank + NOp group (17.7% vs. 17.4%, p > 0.05), and between Anti-
CgβV blocking + Op group and Blank + Op group (17.2% vs. 17.7%,
p > 0.05) (Fig. 8A). Similarly, no significant differences of PIs were
observed between Blank + Op group and Blank + NOp group (38.32
vs. 37.71, p > 0.05), between Anti-CgβV blocking + NOp group and
Blank + NOp group (37.43 vs. 37.71, p > 0.05), and between Anti-
CgβV blocking + Op group and Blank + Op group (38.37 vs. 37.43,
p > 0.05) (Fig. 8B).

RGDCPs significantly inhibited the phagocytic capabilities. The PR
in RGD blocking + NOp group was 10.2% (p < 0.05), which was
lower than 17.4% in Blank + NOp group when the beads were not
opsonized by oyster serum. The PR in RGD blocking + Op group
(13.7%, p < 0.05) also decreased to 16.9% in Blank + Op group when
the beads were opsonized by oyster serum (Fig. 8A). The PI towards the
beads not opsonized by oyster serum significantly decreased from 37.71
(Blank + NOp group) to 30.34 (RGD blocking + NOp group,
p < 0.05), and the PI towards the beads opsonized by oyster serum
decreased from 38.32 (Blank + Op group) to 33.76 (RGD
blocking + Op group, p < 0.05) after the hemocytes were blocked by
RGDCPs (Fig. 8B).

3.6. The changes of GTPase activity and levels of talin protein, Ca2+ and
cAMP levels after LPS stimulation

GTPases and talin protein as the upstream activators in the in-
tegrins-mediated phagocytosis, and secondary messengers Ca2+ and
cAMP as downstream targets were selectively detected in the present
study (Fig. 9). The GTPase activity in hemocytes increased significantly,
which was 3.74-fold (p < 0.05), 2.31-fold (p < 0.05) and 2.06-fold
(p < 0.05) of that in the control at 6, 12, and 24 h post LPS stimula-
tion, respectively (Fig. 9A). The expression levels of talin protein in
hemocytes also increased significantly to 2.78-fold (p < 0.05), 2.14-
fold (p < 0.05) and 1.55-fold (p < 0.05) at 6, 12, and 24 h post LPS
stimulation, respectively, compared to that in the control (Fig. 9A).

The cAMP level in hemocytes increased significantly after LPS sti-
mulation. It was 11.46 pmol/mg protein (p < 0.05) at 12 h post LPS
stimulation, which was higher than that in the control (9.67 pmol/mg

protein). No significant changes in cAMP level of hemocytes were de-
tected at other time-points post LPS stimulation (Fig. 9B). The Ca2+

level in hemocytes was detected by flow cytometry using specific
probes, and it increased significantly with the MFI values of 87.1
(p < 0.05), 124.0 (p < 0.05) and 93.3 (p < 0.05) at 6, 12 and 24 h
after LPS stimulation, respectively, which were higher than that in the
control with the MFI value of 57.7 (Fig. 9C).

4. Discussion

Integrins are a family of transmembrane molecules that play crucial
roles in cell-cell and cell-ECM interactions, which are mostly considered
in the context of cell adhesion and migration [18,38]. In the present
study, a β integrin (CgβV) was identified in C. gigas and it was phylo-
genetically clustered with insecta βV involved in cell phagocytosis. A
large extracellular portion, a single transmembrane segment and a short
cytoplasmic domain were predicted in CgβV, which could participate in
the binding of extracellular molecules and triggering the intracellular
signaling pathways to regulate immune responses as most reported β
integrins [12]. Multiple sequence alignments revealed that there was a
conserved motif of NPX[Y/F] in the cytoplasmic segment near trans-
membrane region of CgβV. The NPX[Y/F] motif is only absent in β4 and
β8 of human integrins, and it is necessary and sufficient for the acti-
vation of phagocytosis-related β integrins (β1, β2, β3 and β5) and in-
tegrin-mediated phagocytosis [18]. The existences of NPX[Y/F] motif
in the predicted structure of CgβV indicated its functions in oyster
phagocytosis.

As cell receptors, integrins can transduce multiple cell signals
through the interactions with extracellular ligands [5,6]. In human, the
whole integrin family of twenty-four members can be typically classi-
fied into LDV-binding receptors, RGD-binding receptors, laminin re-
ceptors and collagen receptors in terms of their ligands [1,4]. Eight out
of them including α5β1, α8β1, αVβ1, αVβ3, αVβ5, αVβ6, αVβ8 and
αⅡbβ3 belong to RGD-binding receptors, and they are demonstrated to
be involved in cellular immunity, cell motility, cell proliferation, and
cell differentiation [39]. In the present study, the synthetic RGDCPs
conjugated with FITC was observed to bind oyster hemocytes, and the
antibody of CgβV could partly block the binding of FITC-labelled
RGDCPs to oyster hemocytes, demonstrating that CgβV possibly existed
as a RGD-binding integrin in oyster. In invertebrates, accumulating

Fig. 8. The inhibition of hemocytic phagocytic activity by RGDCPs or antibodies. (A) The changes of phagocytic rate and (B) phagocytic index towards E. coli
and beads after oposonization or not. Results are mean ± S.D. (n= 3), and the letters (a, b, c etc.) presented significant differences p < 0.05. The information of all
treatment groups was listed in Table S1.
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evidences have revealed that RGD-binding integrin can mediate mul-
tiple cell processes. For example, in primitive invertebrate Hydra, RGD-
binding integrin has been proved as one molecular mechanism for
amoeboid cell locomotion [40]. The RGD-binding integrins are also
involved in hemocytes adhesion during cell cultivation in mussel My-
tilus trossulus [11], and directly mediate cell phagocytosis for foreign
invasions in many invertebrates [8,9,12]. The phagocytosis of big
agents has been reported to mainly rely on macropinocytosis-dependent
endocytosis where the host cytoplasmic membrane sags to coat the big
agents and ingests them into cell [41,42]. Bacteria always secrete many
kinds of molecules on their surface to bind the specific phagocytic re-
ceptor on host cell surface and initiate phagocytosis [43]. In the present
study, the antibody of CgβV could significantly hinder the cell phago-
cytosis for bacteria, while it could not significantly hinder the cell
phagocytosis for fluorescent latex beads (2 μm), indicating that CgβV
was only involved in the phagocytosis of E. coli but not beads in C. gigas.
It could be explained reasonably by the previous reports about Ceratitis

capitata phagocytosis that bacteria carried with integrin-binding sites
and beads without integrin-binding sites [23]. However, the binding
sites of E. coli towards CgβV remained to be further investigated. In
addition, the hindrance of CgβV antibody on cell phagocytosis for
bacteria was weaker than that of RGDCPs (p < 0.05). It was speculated
that there could be multiple RGD-binding integrins in oyster, and CgβV
was one of RGD-binding integrins to mediate phagocytosis.

Integrins commonly mediate cell phagocytosis with the assistance of
opsonins, which can bind to the invading targets and then interact with
integrins on cell surface [8]. In mammals, αMβ2 is primarily expressed
on macrophages and neutrophils, which can bind C3bi-coated invading
microbes in serum to initiate the complement-dependent phagocytosis
[13]. In invertebrates, α subunit αHr1 from ascidian Halocynthia roretzi
is found to be involved in the complement-mediated phagocytic activ-
ities of hemocytes, which is similar as the α subunits of CR3 and CR4 in
vertebrates [44]. Recently, RNA-seq analysis indicated a potential
multi-component complement system in oyster C. gigas, and many

Fig. 9. The changes of molecular activities in integrin-mediated phagocytosis pathway after LPS stimulation. (A) The fold changes of talin protein level and
GTPases activity in hemocyets. (B) The changes of cAMP concentration in hemocytes. (C) The changes of Ca2+ level in hemocytes. Results are mean ± S.D. (n=3),
and the letters (a, b, c etc.) presented significant differences p < 0.05.
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complement molecules such as C-type lectins and C1qDCs were de-
monstrated with opsonic functions in hemolymph, although the op-
sonin receptors were not identified [32,45–47]. In the present study,
the oyster hemocytes preferred to engulf the bacteria pre-incubated
with serum rather than the untreated bacteria, indicating that certain
molecules could serve as opsonins for bacteria in oyster serum, and
CgβV could be the opsonin receptor because the blockage of CgβV
significantly inhibited cell phagocytosis for the bacteria treated with
serum.

In mammals, most phagocytic integrins exist in three major allos-
teric conformations, inactive (low-affinity state), primed (moderate-
affinity state) and active (high-affinity state) [7]. The inactive integrins
have low binding affinity for ligands, which can be experimentally
activated by exogenous LPS via ‘inside-out’ signal to activate integrins
with the highest affinity to bind ligands and mediate effective phago-
cytosis [7,18]. In invertebrates, integrins or integrin-like molecules
from sipunculan worm Themiste petricola have been demonstrated to be
activated by LPS to enhance phagocytosis by fluorescence assays using
anti-human CD14, CD11B and CD11C antibodies. But the indicators of
integrin activation have not well been established [48]. In the present
study, the phagocytosis of oyster hemocytes was enhanced by LPS sti-
mulation, and the enhanced binding capacity of hemocytes to RGDCPs
was also detected, which should be the indicators of RGD-binding in-
tegrin activation. Furthermore, the enhanced binding capacity of he-
mocytes to RGDCPs and the significant upregulation of CgβV mRNA in
hemocytes were both observed at 12 h post LPS stimulation, suggesting
the activation of CgβV as one of RGD-binding integrins in oyster.

In mammals, the activation of αMβ2 greatly depends on the accu-
mulation of GTPase Rap1 in macrophages, which controls ‘inside-out’
signaling [49]. The binding of a cytoskeletal protein talin to the con-
served motif of NPX[Y/F] in the cytoplasmic tail of β2 is a common
final step in its activation process to activate the downstream pathway
[50]. Although there is no αMβ2 identified in invertebrates, α subunit/
GTPase CDC-42 pathway and β subunit/GTPase Ras pathway have been
identified in C. elegans [22] and C. capitate [23], respectively. The in-
volvement of CgβV in the modulation of phagocytosis, prompted us to
elucidate the molecular mechanisms of its activation in phagocytosis. In
the present study, total level of GTPase activity and the content of
potential talin proteins both peaked at 6 h post LPS stimulation, which
were earlier than the peak time of the enhanced binding capacity of
hemocytes to RGDCPs or the activation of CgβV at 12 h post LPS sti-
mulation. The accumulation of GTPases and talin proteins in hemocytes
should be the upstream events of CgβV activation, which were also
reported in the activation of αMβ2 to enhance cell phagocytosis in
mammals [18]. Ca2+ and cAMP level are demonstrated as important
messenger molecules, and they have been speculated as the down-
stream of integrin activation as reported previously in mammals
[51,52]. In the present study, the levels of Ca2+ and cAMP in hemo-
cytes increased significantly after LPS stimulation and peaked at 12 h
post stimulation. Therefore, the mechanisms of CgβV activation to en-
hance hemocytic phagocytosis in oyster might be related to the con-
served molecular activities of intracellular GTPases, talin proteins,
Ca2+, and cAMP.

Taken together, a novel membranal β integrin (CgβV) was identified
in C. gigas, with a large extracellular INB domain, a single transmem-
brane segment and a short cytoplasmic domain with the conserved
motif of NPX[Y/F]. It was phylogenetically clustered with phagocy-
tosis-related insecta βV. CgβV mRNA transcripts could be widely de-
tected in oyster tissues, and its mRNA expression level in hemocytes
was greatly induced by LPS. CgβV were mainly localized on the he-
mocytes surface as a RGD-binding integrin, and the binding of hemo-
cytes to RGDCPs could be facilitated by LPS. In addition, CgβV could
mediate hemocytic phagocytosis for bacteria with RGD-dependence
and serum-dependence, and the phagocytosis could be facilitated by
LPS partly based on the activation of membranal CgβV. The activation
of CgβV might be associated with the conserved molecular activities of

intracellular GTPases, talin proteins, Ca2+ and cAMP. These results
provided solid evidences to clarify the activation mechanism and the
roles of CgβV in oyster phagocytosis, shedding lights on the defense
mechanisms via integrin-mediated phagocytosis in mollusks.
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