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The complement system is an important part of the immune system of teleost fish.
Besides, teleost B cells possess both phagocytic activity and adaptive humoral immune
function, unlike mammalian B1 cells with phagocytic activity and B2 cells specific to
adaptive humoral immunity. However, the cross talk between complement system and
phagocytic B cells in teleost fish still requires elucidation. Here, we show that, unlike
tetrapods with a single C3 gene, nine C3 genes were identified from the grass carp
(Ctenopharyngodon idella) genome, named C3.7-C3.9. Expression analysis revealed that
C3.1 is the dominant C3 molecule in grass carp, for its expression was significantly higher
than that of the other C3 molecules both at the mRNA and protein levels. The C3a
fragment of C3.1 (C3a.1) was determined after the conserved C3 convertase cleavage
site. Structural analysis revealed that C3a.1 consists of four a-helixes, with the C-terminal
region forming a long o-helix, which is the potential functional region. Interestingly, we
found that the recombinant GST-C3a.1 protein and the C-terminal a-helix peptide of
C3a.1 both could significantly enhance the phagocytic activity of IgM* B cells. Further
study revealed that the C3a receptor (C3aR) was highly expressed in grass carp IgM* B
cells, and the phagocytosis-stimulating activity of C3a.1 could be dramatically inhibited by
the anti-C3aR antibodies, indicating that C3a.1 performed the stimulating function
through C3aR on IgM* B cells. Taken together, our study not only uncovered the novel
phagocytosis-stimulating activity of C3a, but also increased our knowledge of the cross
talk between complement system and phagocytic B cells in teleost fish.
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INTRODUCTION

Like that in mammals, the complement system also plays crucial
roles in the innate immune defense of teleost fish (1). The
complement system of teleost fish is constituted of more than 30
components, among which complement C3 is a key molecule
whose activation is essential for the function of the system (2, 3).
After activation, C3 is cleaved into C3a and C3b by C3 convertase
(4). In mammals, numerous studies have shown that C3a plays
multiple immunoregulatory roles by interacting with the specific
C3areceptor (C3aR) on immune cells, including the stimulation of
respiratory burst in eosinophils, neutrophils, and macrophages (5-
7), chemotaxis of eosinophils and mast cells (8, 9), induction of
interleukin (IL)-1 production in monocytes (10), and modulation
of dendritic cell activation (11). However, studies on teleost C3a are
limited. Until now, we only know that teleost C3a can stimulate the
respiratory burst in leukocytes but cannot chemoattract leukocytes
(4, 12). Therefore, the immune functions of teleost C3a remain to
be fully uncovered. Interestingly, unlike tetrapods with a single C3,
all teleost fish possess multiple C3, e.g., zebrafish (Danio rerio) has
eight C3 (13), while common carp (Cyprinus carpio) has five C3
(14). As a result, teleost fish can generate multiple C3a that are
functionally active (4, 12).

In vertebrates, phagocytosis of leukocytes plays important roles
in the immune defense of pathogens, as well as in the initiation of
adaptive immunity (15, 16). Interestingly, in mammals, B2 cells are
the main type of B cells specific to adaptive humoral immunity,
while B1 cells are innate-like B cells with potent phagocytic activity
(17, 18). However, unlike the differentiated mammalian B cells,
teleost B cells possess both adaptive humoral immune function and
phagocytic activity (19, 20). Moreover, after phagocytosis, teleost B
cells can act as initiating antigen-presenting cells (APCs) to prime
naive CD4" T cell activation (21). Thereby, B cells act as an
important bridge linking innate and adaptive immunity in
teleost fish. Interestingly, we found that cathelicidin
antimicrobial peptides can enhance the phagocytic activity of
rainbow trout (Oncorhynchus mykiss) IgM" and IgT" B cells
(22). Moreover, several studies have revealed that some cytokines
can also enhance the phagocytic activity of teleost IgM* B cells,
including IL-10 (23), chemokine CK9 (24), and type I interferon-3
(25). These results indicated that the phagocytic activity of B cells
can be modulated by multiple molecules to enhance the immunity
of teleost fish.

The C3aR is a seven-transmembrane G protein-coupled
receptor which has been widely characterized in mammals
(26). In human, C3aR is widely expressed on various types of
peripheral blood leukocytes (PBLs) but not B cells, including
eosinophils, basophils, monocytes, and neutrophils (with the
expression level from high to low), suggesting that eosinophils
and basophils are the primary effector cells of C3a in the human
peripheral blood (27). In teleost fish, the expression of C3aR on
leukocytes has only been studied in rainbow trout, and the results
showed that 83% of all PBLs express C3aR. However,
significantly different from that in human, rainbow trout C3aR
is highly expressed on all IgM" B cells and, to a lesser extent, all
granulocytes (26). Considering that teleost B cells possess potent
phagocytic activity and express high levels of C3aR, and that a

serum fraction containing C3a, C4a, and C5a can greatly
enhance the phagocytic activity of rainbow trout
(Oncorhynchus mykiss) head kidney leukocytes (HKLs) (28), it
is reasonable to speculate that C3a can stimulate the phagocytic
activity of teleost B cells through C3aR. To verify this hypothesis,
we purified the GST tagged C3a fragment (GST-C3a.1) of grass
carp (Ctenopharyngodon idella) C3.1 (the most abundant C3
molecule in grass carp), synthesized the C-terminal peptide of
C3a.l (C3a.1-CP), and found that GST-C3a.l and C3a.1-CP
both could significantly enhance the phagocytic activity of IgM*
B cells. Moreover, the phagocytosis-stimulating activity of GST-
C3a.1 and C3a.1-CP could be dramatically inhibited by the anti-
C3aR antibodies (Abs), indicating that C3a performed the B cell-
stimulating function through C3aR. These results not only
increased our knowledge of the cross talk between complement
system and phagocytic B cells in teleost fish, but also inspired us
to further study the application potential of C3a as an
immunostimulant or as a molecular adjuvant by targeting B cells.

MATERIALS AND METHODS

Experimental Fish

Healthy grass carp weighing 200 *+ 20 g were purchased from
Huangpi Hatchery (Wuhan, China), then maintained and
acclimated to the laboratory aquarium tanks with water
control system for at least two weeks before experiments.

Searching, Identification, and Localization
of C3 Genes in Grass Carp Genome

We have re-sequenced and assembled the high-quality genome
of grass carp, which has been deposited under NCBI BioProjects
with an accession number PRJNA745929. The Basic Local
Alignment Search Tool (BLAST) was used to search the C3
genes in the grass carp genome using the published fish C3 genes,
especially zebrafish (Danio rerio) (13) C3 genes. Interestingly,
nine C3 genes, named C3.1-C3.9, were found in grass carp. The
reliability of the genes was confirmed by phylogenetic analysis
using the neighbor-joining method bootstrapped 1000 times
with the MEGA program (version 6.06). The grass carp C3.1-
C3.9 genes were deposited in the GenBank database (https://
www.ncbi.nlm.nih.gov/genbank/) under accession numbers
OL444976-01444984, respectively. Synteny analysis of C3
genes in grass carp, zebrafish, African clawed frog (Xenopus
laevis), chicken (Gallus gallus), mouse (Mus musculus), and
human (Homo sapiens) were conducted using the BLAST.

Detection of the mRNA Expression of C3
Genes in Grass Carp Tissues

To detect the mRNA expression of C3 genes in grass carp tissues,
healthy fish were firstly anaesthetized with tricaine
methanesulfonate (MS-222; Sigma), then the blood was
extracted from the caudal vein, and finally the remaining blood
in the body was removed by cardiac perfusion using phosphate
buffered saline (PBS; pH 7.4; Gibco). The tissues from liver, spleen,
head kidney, gill, skin, and gut were sampled, and the total RNA
was extracted using TRIzol reagent (Takara) according to the
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manufacturer’s instructions. The RNA was reverse transcribed
into cDNA using the PrimeScript * RT reagent Kit with gDNA
Eraser (Takara). Quantitative real-time PCR (qPCR) was
performed to analyze the mRNA expression levels of C3 genes
using FastStart Essential DNA Green Master Reagents (Vazyme)
in a CFX Connect'™ Real-Time System (Bio-Rad). The primers
used are listed in Supplementary Table 1, and the amplification
efficiencies of all the primer pairs were between 90 and 110%,
calculated by using 10-fold series dilution of cDNA in qPCR. The
specificity of the primer pairs was verified by the dissociation
curves and sequencing the qPCR products (data not shown). The
expression levels of C3 genes were determined by the cycle
threshold (Ct) method and normalized against the internal
control B-actin using the 27*“* method.

Determination of the C3a Fragment from
Grass Carp C3.1

The amino acid sequence of grass carp C3.1 was aligned with
human, mouse, and chicken C3 using the Clustal program
(https://www.ebi.ac.uk/Tools/msa/clustalo/). Thereafter, the
C3a fragment from grass carp C3.1 was determined after the
conserved processing site of C3 convertase (data not shown).
The tertiary structure of grass carp C3a.1 was modeled using the
I-TASSER On-line Server (https://zhanggroup.org/I-TASSER/)
based on the structure of human C3a (Protein Data Bank (PDB)
code 4HWS5). The structures of human C3a and grass carp C3a.1
were displayed using Pymol software.

Production of Polyclonal Antibodies
Against Grass Carp C3a.1

The peptide (VDGQECAKVFLHCCNEIKTRKNMKTEEEEMIL
AR) covering the C-terminal o-helix of grass carp C3a.1 (C3a.1-
CP) was synthesized by GenScript Ltd. and analyzed by high-
performance liquid chromatography (HPLC) and matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) to confirm that the purity was >95%. The
specific pAbs against grass carp C3a.l were produced by
AtaGenix Ltd. using the C3a.1-CP as the antigen. Briefly, the
C3a.1-CP was coupled to keyhole limpet hemocyanin (KLH)
using the 1-ethyl-3-(3-dimethylamino) propyl carbodiimide
(EDC)/N-hydroxysuccinimide (NHS) coupling method, then
KLH-C3a.1-CP was used to raise pAbs in rabbits. The rabbit
IgG in the antiserum was first purified using a HiTrap protein G
column, then the grass carp C3a.l specific pAbs were purified by
affinity chromatography using the C3a.1-CP coupled cyanogen
bromide (CNBr)-activated Sepharose.

Detection of the C3.1 Proteins in Grass
Carp Serum

The grass carp serum (2ml) was loaded onto a Superdex-200 FPLC
column (GE Healthcare) in an AKTA purification system (GE
Healthcare), then eluted with PBS (pH 7.4) to collect fractions (1 ml
per fraction). The fraction with molecular masses of 180-200 kDa
was collected to detect C3.1 by Western blot. Briefly, the fractions
were resolved by 8% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) under non-reducing conditions, and
the gel was then stained with Coomassie blue dye, followed by

transferring to a nitrocellulose blotting membrane (Pall). The
membrane was blocked for 1 h at room temperature in TBST
buffer (25 mM Tris-HCI, 150 mM NaCl, 0.1% Tween 20, pH 7.5)
containing 5% nonfat dry milk, then incubated with rabbit anti-
grass carp C3a.l pAbs at 4°C overnight. After three washes with
TBST, the membrane was incubated with HRP-conjugated goat
anti-rabbit IgG Abs (Thermo) for 2 h at room temperature. After
three washes with TBST, the membrane was stained with ECL
chemiluminescence substrate (Biosharp) and photographed by a
chemiluminescence imager (Amersham Imager 680, GE
Healthcare). The gel slice corresponding to the C3.1 band was
subjected to in-gel tryptic digestion, followed by liquid
chromatography tandem-mass spectrometry (LC-MS/
MSY) analysis.

Fractionation and Detection of C3a.1 in
Activated Grass Carp Serum

The grass carp serum was activated using a previously described
method (29). Briefly, 1 ml grass carp serum were incubated with
80 pl rabbit red blood cells (RaRBC; SenBeiJia) and 1ml 20 mM
magnesium sulfate heptahydrate (Sinopharm Chemical Reagent)
at 20°C for 100 min. Then, RaRBC-activated serum was
centrifuged at 400 x g for 10 min to collect the supernatant.
The supernatant (2ml) was loaded onto a Superdex-200 FPLC
column and eluted with PBS (pH 7.4) in an AKTA purification
system as described above. The fractions with molecular masses
of 8-9 kDa were collected to detect C3a.1 by Western blotting as
above described using rabbit anti-grass carp C3a.l pAbs.

Expression and Purification of Glutathione
S-Transferase (GST)-Tagged

Recombinant C3a.1

The cDNA sequence encoding grass carp C3a.1 was amplified by
PCR using the primer pair exC3a.l-F/exC3a.1-R listed in
Supplementary Table 1. The PCR product was digested and
inserted into pGEX-6P-1 using Xho I and BamH I restriction
enzymes. The pGEX-C3a.l plasmid was transformed into
Escherichia coli Rosetta competent cells (YouBio), then the
cells were cultured at 37°C for 12 h supplemented with 100
mg/L ampicillin. Thereafter, the cells were induced with 0.1 mM
IPTG at 28°C for 6 h, followed by centrifugation at 5000 x g for
10 min. The cells were lysed by a high-pressure homogenizer
(ATS) for 10 min, centrifuged at 10000 x g for 10 min, and then
the supernatant was filtered and incubated with Glutathione
Sepharose 4B resin (Amersham Biosciences) at 4°C for 6 h. The
unbounded proteins were removed from the resin by adequate
washing with PBS. The GST-C3a.1 fusion protein on the resin
was eluted by 20 mM reduced glutathione at 4°C. The eluted
GST-C3a.1 was finally dialyzed against PBS (pH 7.4).

Isolation of Leukocytes

Grass carp were anesthetized and perfused as above described.
The head kidney leukocytes (HKLs) were isolated with Percoll
(GE Healthcare) using the method described in our previous
studies (20, 30). Briefly, the head kidney was dissociated into cell
suspensions in Dulbecco’s Modified Eagle Medium (DMEM,;
Invitrogen), then passed through a 100 um nylon cell strainer
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(BD Biosciences). The cell suspensions were placed onto 34/51%
discontinuous Percoll gradients, then centrifuged at 400 x g for
30 min at 4°C. The leukocytes at the 34/51% interface were
collected and washed twice with PBS containing 2% fetal bovine
serum (FBS, Gibco).

Assay of Phagocytosis

The phagocytosis-stimulating activities of GST-C3a.1 and C3a.1-
CP to grass carp IgM" B cells were measured using the method
described in our previous study with minor modifications (22).
Briefly, HKLs in DMEM were seeded in 96-well plates (Nunc)
(200 pl per well) at 1 x 10° cells/well, then incubated with GST-
C3a.1 or C3a.1-CP at different concentrations as well as
fluorescent beads (Fluoresbrite Yellow Green Microspheres; 1.0
um in diameter; Polysciences) at a cell/bead ratio of 1:20 at 28°C
for 2 h. PBS and GST were used as the blank and negative
controls, respectively, in the assay for GST-C3a.1, while PBS and
the C-terminal peptide (VQQPDCREPFLSCCQFAESLRKKSRD
KGQAGLQR) of human C4a (huC4a-CP) were used as the blank
and negative controls, respectively, in the assay for C3a.1-CP.
The huC4a-CP was synthesized by GL Biochem Ltd. and
analyzed by HPLC and MALDI-TOF MS to confirm that the
purity was >95%. After incubation, the non-ingested beads in cell
suspensions were removed by centrifugation (400 x g for 10 min
at 4°C) over a cushion of 3% (weight/volume) BSA (Thermo) in
PBS supplemented with 4.5% (weight/volume) D-glucose
(Sigma). Subsequently, the cells were washed and stained with
mouse anti-grass carp IgM monoclonal Abs (mAbs; 1 pg/ml)
(30), followed by staining with allophycocyanin (APC)-
conjugated goat anti-mouse IgG Abs (2 pg/ml; BioLegend).
Finally, the phagocytic activity of grass carp IgM" B cells was
detected using a flow cytometer (FACSVerse ", BD Biosciences)
and the data were analyzed using FlowJo software (Tree Star).

Production of pAbs Against Grass

Carp C3aR

The rabbit anti-grass carp C3aR pAbs were raised and purified by
AtaGenix Ltd. as above described using an antigenic peptide at
the N-terminal of grass carp C3aR (NESHYNDDMNSSGYDC)
(GenBank accession number: MG599686.1). To verify the
specificity of the anti-C3aR pAbs, a blocking experiment to
anti-C3aR pAbs was performed using the antigenic peptide as
previously described (31). Briefly, the anti-C3aR pAbs were
preincubated with the antigenic peptide at 1:0, 1:10, 1:50,
1:100, and 1:200 molar ratios for 30 min, then stained HKLs
for flow cytometry. To further verify the specificity of the pAbs,
HKLs were stained with rabbit anti-C3aR pAbs as described
above, then the C3aR" lymphocytes and C3aR™ lymphocytes
were sorted by FACS. The mRNA expression of C3aR in the
sorted cells were detected by qPCR as above described using the
primers listed in Supplementary Table 1.

Detection of the Expression of C3aR in
Grass Carp IgM™* B Cells

To detect the mRNA expression of C3aR in IgM" B cells, HKLs
were isolated from grass carp and stained with mouse anti-grass

carp IgM mAbs as described above. The IgM" B cells, IgM"
lymphocytes (Lym), subset I myeloid cells (Mye I), and subset II
myeloid cells (Mye II) were sorted using a fluorescence-activated
cell sorter (FACS; FACSAria™ 111, BD Biosciences). Total RNA
was extracted from the sorted cells using a RNeasy Mini Kit
(MAGEN) and the cDNA was synthesized using Hiscript III
Reverse Transcriptase (TaKaRa). The expression of C3aR was
detected by FastStart Essential DNA Green Master Reagents
(Vazyme) in a Real-Time System (CFX Connect' ", Bio-Rad).
The primers used are listed in Supplementary Table 1. The
expression level of C3aR was analyzed using the 27*“" method,
with S-actin as the internal control.

To detect the protein expression of C3aR on IgM" B cells,
immunofluorescence microscopy was conducted using the
method described in our previous study (32). Briefly, HKLs
were spun onto microscopy slides using a Cytospin (Thermo),
then fixed and blocked with PBS containing 2% BSA at room
temperature for 1 h. Thereafter, the HKLs were co-stained with
mouse anti-grass carp IgM mAbs (1 pg/ml) and rabbit anti-grass
carp C3aR pAbs (1 pg/ml) overnight at 4°C. The mouse IgG
isotype control Abs (1 pg/ml; BioLegend) and rabbit IgG isotype
control Abs (1 ug/ml; BioLegend) were used as the negative
controls. After washing with PBS, the HKLs were co-stained with
Alex Flour 488-conjugated goat anti-mouse IgG (2 pg/ml;
Jackson ImmunoResearch) and Cy5-conjugated goat anti-
rabbit IgG (2 pg/ml; Jackson ImmunoResearch) Abs at room
temperature for 1 h. After washing with PBS, the HKLs were
stained with DAPI (1 pg/ml; Beyotime) at room temperature for
5 min. Finally, the HKLs were imaged with an inverted confocal
microscope (Nikon N-STORM).

Blocking C3aR by Anti-C3aR pAbs

To clarify the mechanism of the phagocytosis-stimulating
activities of C3a.l to grass carp IgM" B cells, a blocking
experiment to C3aR was performed using anti-C3aR pAbs.
Briefly, HKLs in DMEM were seeded in 96-well plates (200 pl
per well) at 1 x 10° cells/well, then GST-C3a.1 (10 nM) or C3a.1-
CP (10 nM), anti-C3aR pAbs or isotype control Abs, as well as
fluorescent beads (cell: bead = 1: 20) were added. The cell
suspensions were incubated at 28°C for 2 h. Thereafter, the
non-ingested beads in cell suspensions were removed, then the
cells were stained with mouse anti-grass carp IgM mAbs, and
finally the phagocytic activity of grass carp IgM* B cells was
detected using a flow cytometer as above described.

Statistical Analysis

The statistic p value was calculated by one-way ANOVA
with a Dunnett post hoc test (SPSS Statistics, version 19, IBM).
A p value < 0.05 was considered statistically significant.

RESULTS

Nine C3 Genes Exist in Grass Carp

Nine C3 genes were identified from the grass carp genome
through homology searching, named C3.1-C3.9 (Figure 1).
Phylogenetic analysis showed that the nine C3 proteins in

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 873982


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Ma et al. Teleost C3a Regulates Phagocytic B Cells

z
%
[~} %
% ¢
% G
Y os0
k)
)
+
23
o€
%ai"e[l. o ) ) D
s aidens C32
e e
Danio reriy s [ 0 % c
e ) Ctenopharyngodon idella 3.5
Aligator sinensis C4
T
”* Danio rerio 3.5
G.\\m:-\\usC‘ = 100 %
P T Py ngode
a " idell ¢
e,
PN g
2 R
D o %
3 /.\,%4 4
2 % “,
& 2 “ “,
5 B o %, %,
% 2,
%, %
% % %,
2 o =z £ 3 %
g £ B 2 % AN
H H H 'y % %
g 3 3
A
2 8
Zebrafish Grass carp African clawed frog Chicken Human
Chri Chrl ChrsL Chr28 Chr19
1 1
Cm_J. AAxarst | _—4[3vBA | F YT N Y[
O8Mb™., / T T N / oMb TAMb
| - MVBI2A Chr3L
TOKb 1 4 TOMb
| MRII s = |
700 ToMI 20Mb 13 oMb
LIS 33 MR- : AKAPSL
22.0] 2.4] \ | O 1 \ 70Mb
[N C34 “$[ARAPSL . [ 4 “[MvBI2A
500 0.6Kb M . TTMb
= C36 A[Fxers_|’ Chr17 / [Crxses
1350 L9Kb it T < /
s C35 /o R | VT E— | TV
20N 1LOKb / + 2I0Mb/
4aKApsL 31 A mE Y [
I

FIGURE 1 | Relationship of grass carp C3 genes with the known C3, C4, and C5 genes from representative vertebrates. (A) Phylogenetic relationship of the nine
C3 proteins from grass carp with the known C3, C4, and C5 from representative vertebrates. The phylogenetic tree based on protein sequences was constructed
using the neighbor-joining method bootstrapped 1000 times with the MEGA program. Grass carp C3.1-C3.9 are shown in red. GenBank accession numbers of the
used sequences are shown below: Ctenopharyngodon idella C3.1, OL444976; C. idella C3.2, OL444977; C. idella C3.3, OL444978; C. idella C3.4, OL444979;

C.. idella C3.5, OL444980; C. idella C3.6, OL444981; C. idella C3.7, OL444982; C. idella C3.8, OL444983; C. idella C3.9, OL444984; C. idella C4.1, MG599708;
C.. idella C4.2, MG599709; C. idella C5, MT150869; Danio rerio C3.1, NP_571317.1; D. rerio C3.2, NP_571318.1; D. rerio C3.3, NP_001032313.1; D. rerio C3.4,
XP_002660623.2; D. rerio C3.5, XP_002660624.2; D. rerio C3.6, NP_001008582.3; D. rerio C3.7, NP_001093490.1; D. rerio C3.8, NP_001093483.1; D. rerio
C4.1, XP_005157429.1; D. rerio C5, XP_001919226.4; Homo sapiens C3, EAW69070.1; H. sapiens C4, AAI44547 1; H. sapiens C5, NP_001726.2; Mus musculus
C3, NP_033908.2; M. musculus C4, XP_006523594.1; M. musculus C5, NP_034536.3; Gallus C3, AAAB4694.1; G. gallus C4, NP_001070701.1; G. gallus C5,
XP_415405.5; Callorhinchus mili C3, XP_042200573.1; C. milii C4, XP_042200730.1; C. milii C5, XP_007900925.2; Xenopus tropicalis C3, XP_031755334.1;

X. tropicalis C4, NP_001107156.1; X. tropicalis C5, NP_001190988.1; Alligator sinensis C3, XP_006023407.1; A. sinensis C4, XP_025048727.1; A. sinensis C5,
XP_014382164.1; (B) Synteny analyses of grass carp C3 genes with other vertebrate C3 genes. C3 genes are indicated by solid grey boxes. Arrows indicate gene

transcription orientations. Chr, chromosome.
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grass carp were closely clustered with the eight C3 in zebrafish
(Figure 1A). The nine C3 genes are located in three different
chromosomes (chr) in grass carp, with C3.1-C3.6 in chr1, C3.7 in
chr10, while C3.8-C3.9 in chr3. Among these grass carp C3 genes,
C3.1-C3.6 showed more conserved synteny with those C3 genes
in tetrapods (Figure 1B).

C3.1 is the Dominant C3 Molecule in

Grass Carp

The mRNA expression levels of the grass carp C3 genes were
analyzed by qPCR in various tissues (Figure 2A). As shown, the
C3 genes were mainly expressed in liver, though their expression
also could be detected in the other tissues tested. Among the
grass carp C3 genes, the expression level of C3.1 was significantly
higher than that of the other C3 genes, with that of C3.7 being the
second one. Moreover, the protein expression levels of the grass
carp C3 genes were analyzed by LC-MS/MS in serum (Figure 2B,
C). The results also showed that C3.1 is the most abundant C3
molecule in grass carp serum (Figure 2C). All these results
indicated that C3.1 is the dominant C3 molecule in grass carp.

Native C3a.1 is Generated in the Activated
Grass Carp Serum

To confirm the existence of native C3a.1 in grass carp serum, we
used the rabbit anti-grass carp C3a.1 pAbs to detect C3a.1 with
Western blotting in RaRBC-activated serum fractionated by gel
filtration chromatography. A band of ~9 kDa, which was
consistent with the predicted molecular mass of grass carp
C3a.1 (8.8 kDa), was immunoreactive with the anti-grass carp
C3a.1 pAbs (Figure 3A). This result indicated that native C3a.1
is generated in the grass carp serum after the activation of the
complement system.

C3a.1 Enhances the Phagocytic Activity of
Grass Carp IgM* B Cells

The SDS-PAGE analysis showed that high purity GST-C3a.1
fusion protein was successfully expressed and purified from E.
coli (Figure 4). To determine if C3a.l could increase the
phagocytic activity of grass carp IgM" B cells, a phagocytosis
assay was conducted using flow cytometry. As shown in
Figure 5, compared with the GST control, GST-C3a.l
significantly enhanced the phagocytic activity of grass carp
IgM" B cells in a concentration-dependent manner. The
optimal phagocytosis-stimulating concentration of GST-C3a.1
is about 10 nM, with the phagocytic activity of grass carp IgM" B
cells being increased by more than 20%. Notably, the GST tag did
not influence the phagocytic activity of grass carp IgM" B cells as
compared with the blank control, indicating that the
phagocytosis-stimulating activity of C3a.1 is specific.

C3a.1 Enhances the Phagocytic Activity of
Grass Carp IgM* B Cells Through the
C-Terminal a-helix Region

The tertiary structure modeling showed that, like human C3a,
grass carp C3a.l also consists of four o-helixes, with the C-
terminal region forming a long o-helix (Figure 3B, C). In

human, the biological activity of C3a is accomplished by the
C-terminal o-helix region (underlined in Figure 3B), thus, we
wondered if the phagocytosis-stimulating activity of grass carp
C3a.1 was also accomplished by the C-terminal o-helix region.
To clarify this, the synthesized C3a.1-CP was used to stimulate
grass carp IgM" B cells. Interestingly, the results showed that,
compared with the blank control, C3a.1-CP significantly
enhanced the phagocytic activity of grass carp IgM" B cells in
a concentration-dependent manner (Figure 6). Like GST-C3a.1,
the optimal phagocytosis-stimulating concentration of C3a.1-CP
is about 10 nM, with the phagocytic activity of grass carp IgM* B
cells being increased by about 40%. Notably, in contrast to C3a.1-
CP, huC4a-CP from human C4a inhibited the phagocytic
activity of grass carp IgM" B cells, indicating that the
phagocytosis-stimulating activity of grass carp C3a.1-CP
is specific.

C3aR is Highly Expressed by Grass Carp
IgM* B Cells

To further clarify the mechanism of the phagocytosis-stimulating
activity of grass carp C3a.1, we detected whether grass carp IgM"
B cells express C3aR (Supplementary Figure 1). The rabbit anti-
grass carp C3aR pAbs were produced, which were confirmed to
be specific for C3aR for two reasons (Figure 7): 1) the peptide
used for immunization can block the binding of anti-grass carp
C3aR pAbs to lymphocytes; 2) the mRNA of C3aR is highly
expressed in FACS sorted C3aR" Lym, when compared with the
C3aR™ Lym. After confirming the specificity of the rabbit anti-
grass carp C3aR pAbs, a double staining immunofluorescence
assay using rabbit anti-grass carp C3aR pAbs and mouse anti-
grass carp IgM mAbs was conducted. The results revealed that
grass carp IgM" B cells express C3aR on the cell surface
(Figure 8A). To confirm this result, grass carp leukocyte
populations, including IgM* B cells, I[gM™ Lym, Mye I, and
Mye 11, were sorted from head kidney by FACS. The results of
qPCR further showed that, C3aR was highly transcribed in IgM"*
B cells, which was higher than that in IgM™ Lym, Mye I, and Mye
II populations (Figure 8B).

C3a.1 Enhances the Phagocytic Activity of
Grass Carp IgM™* B Cells Through C3aR

To illustrate the role of C3aR in the phagocytosis-stimulating
activity of C3a.l to grass carp IgM" B cells, a blocking
experiment to C3aR was performed using anti-C3aR pAbs.
The results showed that, after the C3aR on IgM"* B cells was
blocked by the anti-C3aR pAbs, the phagocytosis-stimulating
activities of both GST-C3a.1 and C3a.1-CP to IgM" B cells were
significantly inhibited (Figure 9). These results strongly
demonstrated that C3a.1 enhances the phagocytic activity of
grass carp I[gM" B cells through its receptor C3aR.

DISCUSSION

Unlike tetrapods with a single C3 gene, all teleost fish possess
multiple C3 genes, such as zebrafish with eight C3 genes (13),
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FIGURE 2 | Expression patterns of the nine C3 genes of grass carp at mRNA and protein levels. (A) Tissue expression patterns of the nine C3 genes of grass carp
at the mRNA level. The expression levels were analyzed by gPCR and normalized against the expression of B-actin using the 274C" method. Abbreviations for tissues
are as follows: LI, liver; SP, spleen; HK, head kidney; GlI, gill; SK, skin; GU, gut. Data present the mean value of 5 fish. (B) Detection of C3.1 in grass carp serum by
Western blotting. The grass carp serum was separated by gel filtration chromatography, and the fraction with molecular masses of 180-200 kDa was collected to
detect C3.1 by Western blotting. M, marker (Thermo). (C) Expression patterns of the nine C3 molecules in grass carp serum. The gel slice corresponding to the C3.1
band in (B) was subjected to in-gel tryptic digestion, followed by LC-MS/MS analysis. The data shown are the copy numbers of the detected peptides from grass
carp C3 molecules. nd, not detected.
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were stained with mouse anti-grass carp IgM mAbs. Finally, the phagocytic activity of grass carp IgM* B cells was detected using flow cytometry. One representative
result was shown in the dot plot of flow cytometry. Data are presented as mean + SEM (n = 3 fish), and the statistic p value was calculated by one-way ANOVA with
a Dunnett post hoc test (o < 0.05, **p < 0.01).
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FIGURE 6 | The C-terminal a-helix peptide of C3a.1 (C3a.1-CP) enhances the phagocytic activity of grass carp IgM* B cells. HKLs were incubated with C3a.1-CP
and fluorescent beads at 28°C for 2 h. The PBS and C-terminal peptide of human C4a (huC4a-CP) were used as the blank and negative controls, respectively. After
incubation, the non-ingested beads in cell suspensions were removed, and the cells were stained with mouse anti-grass carp IgM mAbs. Finally, the phagocytic
activity of grass carp IgM* B cells was detected using flow cytometry. One representative result was shown in the dot plot of flow cytometry. Data are presented as
mean + SEM (n = 3 fish), and the statistic p value was calculated by one-way ANOVA with a Dunnett post hoc test (“p < 0.05, **p < 0.01).
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FIGURE 7 | Detection of the specificity of the rabbit anti-C3aR pAbs. (A-D) Blocking of the anti-C3aR pAbs by preincubation with the antigenic peptide used for
pAb development. (A) Gating strategy for flow cytometry analysis of HKLs stained with rabbit anti-C3aR pAbs. The lymphocytes (Lym) were gated to further analyze
the C3aR positive cells. (B) Lym in HKLs stained with rabbit IgG isotype control Abs. (C) Lym in HKLs stained with rabbit anti-C3aR pAbs. (D) Lym in HKLs stained

with peptide-preincubated rabbit anti-C3aR pAbs. The rabbit anti-C3aR pAbs were
HKLs for flow cytometry. (E, F) Expression of C3aR in C3aR* Lym and C3aR™ Lym.

preincubated with the peptide at different molar ratios for 30 min, then stained
(E) Sorting of C3aR" Lym and C3aR™ Lym by FACS. HKLs were stained with

rabbit anti-C3aR pAbs, then C3aR* Lym and C3aR™ Lym were sorted and subjected to RNA isolation and cDNA synthesis. (F) The mRNA expression level of C3aR

in C3aR* Lym and C3aR™ Lym. The mRNA expression level of C3aR in C3aR* Lym

and C3aR™ Lym was analyzed by gPCR and normalized against the expression of

[-actin using the 274% method. One representative result was shown in (A-E). Data in (F) are presented as mean + SEM (n = 5 fish), and the statistic p value was

calculated by one-way ANOVA with a Dunnett post hoc test (“p < 0.01).

common carp with at least five C3 genes (14), while rainbow
trout with at least three C3 genes (33). However, until now, the
protein expression of the multiple C3 genes in teleost fish has
only be detected in rainbow trout (33). The results showed that
C3.1, C3.3, and C3.4 in rainbow trout serum were 1.5-2 mg/ml,
0.3-0.4 mg/ml, and 0.3-0.4 mg/ml, respectively. This may suggest

that there is dominant C3 molecule among the divergent forms
of C3 in teleost fish. Interestingly, our study supports this
speculation. Though a total of nine C3 genes were discovered
in grass carp, the C3.1 was the most expressed C3 gene at both
the mRNA and protein levels. More importantly, we demonstrated
that native C3a.1 was generated in the complement-activated grass
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post hoc test (ns, not significant; **p < 0.01).

carp serum. This laid an important foundation for clarifying the
function of grass carp C3a.

In rainbow trout, a gel filtration fraction containing ~8 kDa
molecules from complement-activated serum was found to
greatly enhance particle uptake in HKLs (28). This particle-
uptake enhancing fraction (PUEF-8) contained C3a, C4a, and
C5a molecules. However, until now, the molecular mechanism of
the PUEF-8-stimulated phagocytosis is still unknown.
Interestingly, in this study, we found that C3a.l could
significantly increase the phagocytic activity of grass carp IgM"*
B cells. Blocking experiment further revealed that this
phagocytosis-stimulating activity was C3aR dependent. More
importantly, we found that the C-terminal o-helix peptide of
C3a.1 (C3a.1-CP) also could significantly enhance the phagocytic
activity of grass carp IgM" B cells. Surprisingly, the phagocytosis-
stimulating activity of C3a.1-CP was higher than that of GST-
C3a.1, this may because C3a.1-CP was chemically synthesized
and therefore purer than the recombinantly expressed C3a.1.
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FIGURE 8 | C3aR is highly expressed by grass carp IgM* B cells. (A) Immunofluorescence microscopy of C3aR on IgM* B cells. HKLs were first co-stained with
mouse anti-grass carp IgM mAbs and rabbit anti-grass carp C3aR pAbs, then co-stained with Alex Flour 488-conjugated goat anti-mouse IgG (green for IgM) and
Cyb-conjugated goat anti-rabbit IgG (magenta for C3aR). The mouse IgG isotype Abs and rabbit IgG isotype Abs were used as the negative controls. Nuclei were
stained with DAPI (blue). One representative result was shown in the immunofluorescence images. Scale bars, 2 um. (B) The mRNA expression pattern of C3aR in
IgM* B cells, IgM™ lymphocytes (Lym), subset | myeloid cells (Mye 1), and subset Il myeloid cells (Mye II). HKLs were stained with mouse anti-grass carp IgM mAbs,
then cell populations including IgM* B cells, IgM™ Lym, Mye |, and Mye Il were sorted and subjected to RNA isolation and cDNA synthesis. The mRNA expression
level of C3aR in the cell populations was analyzed by gPCR and normalized against the expression of f-actin using the 274 method. One representative result was
shown in the dot plot of flow cytometry. Data are presented as mean + SEM (n = 4 fish), and the statistic p value was calculated by one-way ANOVA with a Dunnett

Previous study revealed that rainbow trout C3a molecules
could strongly stimulate the respiratory burst of HKLs in a dose-
dependent manner (34). Here we show that, like C3a in
mammals (11), teleost C3a are also pleiotropic molecules with
multiple immune regulatory functions. In a previous study, we
found that C5a could act as a molecular adjuvant in rainbow
trout by enhancing Ab response to a soluble antigen (29). Thus,
we wonder if C3a also is a promising vaccine adjuvant in teleost
fish, which will be clarified in our future study. Nevertheless, due
to the three pairs of intramolecular disulfide bonds, it was hard to
express and purify recombinant C3a in the soluble form.
Encouragingly, we found that the C-terminal o-helix peptide
possessed the intact function of C3a, suggesting that we can use
the C-terminal peptide but not the whole C3a molecule in the
future study and application.

It is noteworthy that the expression pattern of C3aR on
various immune cells are totally different in mammals and
teleost fish. For example, in human peripheral blood, C3aR is
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stimulating activity of GST-C3a.1 to grass carp IgM™ B cells. (B) Anti-C3aR pAbs inhibits the phagocytosis-stimulating activity of C3a.1-CP to grass carp IgM* B
cells. HKLs were incubated with GST-C3a.1 or C3a.1-CP, anti-C3aR pAbs or isotype control Abs, as well as fluorescent beads at 28°C for 2 h. Thereafter, the non-
ingested beads in cell suspensions were removed, and the cells were stained with mouse anti-grass carp IgM mAbs. Finally, the phagocytic activity of grass carp
IgM* B cells was detected using flow cytometry. One representative result was shown in the dot plot of flow cytometry. Data are presented as mean + SEM (n = 3
fish), and the statistic p value was calculated by one-way ANOVA with a Dunnett post hoc test (*p < 0.01).

mainly expressed on granulocytes and monocytes, but not on B
cells, suggesting that granulocytes are the primary effector cells of
C3a in human (27). However, in rainbow trout, C3aR is highly
expressed on all IgM" B cells and, to a lesser extent, all
granulocytes (26). Here we also found that C3aR was highly
expressed on IgM" B cells in grass carp, indicating that IgM" B
cells acting as the primary effector cells of C3a is common in
teleost fish. Interestingly, rainbow trout C3aR was found to lack a
significant portion of the second extracellular loop (ECL2) when
compared to that of the mammalian C3aRs (26). Here we found
that the ECL2 of grass carp C3aR as well as other representative
teleost C3aRs is as small as that of rainbow trout (Supplementary
Figure 1B), indicating that the small ECL2 is common in
teleost C3aR.

Phagocytosis is one of the most important defense strategies in
the innate immunity of vertebrates, as well as in the initiation of
the adaptive immunity (15, 16). Compared with higher
vertebrates, teleost fish depend more heavily on their innate
immunity to defend against various pathogens in the aquatic
environment (35). Thus, phagocytosis is particularly important
for the health of teleost fish. In higher vertebrates, phagocytosis is
mainly conducted by professional phagocytes, including
macrophages, monocytes, and granulocytes (36, 37). However,
B cells in teleost fish were discovered to possess potent
phagocytic, microbicidal, and antigen-presenting activities like

professional phagocytes (19, 38, 39). In our previous study, we
found that cathelicidin antimicrobial peptides could increase the
phagocytic activity of rainbow trout IgM* and IgT" B cells (22).
Moreover, several other molecules were also proved to up-
regulate the phagocytic activity of teleost B cells, including IL-
10 (23) and type I interferon-3 (25) in Japanese flounder
(Paralichthys olivaceus), as well as chemokine CK9 in rainbow
trout (24). Notably, in teleost fish, the concentration of B cells in
peripheral blood is significantly higher than that in mammals. For
example, B cells in the peripheral blood of rainbow trout are
5,000-15,000 cells/pL, whereas B cells in that of humans and mice
are 150-720 and 1,200-3,000 cells/uL, respectively (19). The large
number of phagocytic B cells in teleost fish makes them an ideal
target for developing effective vaccines, adjuvants, or
immunopotentiators in fish farming (39). Thus, discovering
molecules like C3a with phagocytosis-stimulating activities to
teleost B cells is important not only for fish immunology, but also
for preventing fish diseases.

Taken together, this study clearly illustrated the cross talk
between C3a and phagocytic B cells in teleost fish, uncovered the
novel phagocytosis-stimulating activity of teleost C3a, and laid
an important foundation for further study the application
potential of C3a or C3a derived C-terminal peptide as
immunostimulants or as molecular adjuvants by targeting
B cells.

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 873982


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Ma et al.

Teleost C3a Regulates Phagocytic B Cells

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

ETHICS STATEMENT

The animal study was reviewed and approved by Ethical
Committee of Huazhong Agricultural University.

AUTHOR CONTRIBUTIONS

Z-YM performed most of the experiments, analyzed most of the data,
and wrote the preliminary manuscript. J-XL helped with most of the
experiments, especially the phagocytosis assay. W-SL helped with
some of the experiments, especially the Western blot experiments. YS
helped with some of the experiments, especially the blocking
experiment. C-SW searched the C3 genes in the grass carp
genome. Y-ZH helped with reagent preparation and data analysis.
JL helped with experiment design. Y-AZ helped with experiment
design and revised the manuscript. X-JZ designed the research,
analyzed some of the data, and revised the manuscript. All authors
contributed to the article and approved the submitted version.

REFERENCES

. Boshra H, Li ], Sunyer JO. Recent Advances on the Complement System of Teleost
Fish. Fish Shellfish Immunol (2006) 20:239-62. doi: 10.1016/;.£51.2005.04.004

2. Zhang S, Cui P. Complement System in Zebrafish. Dev Comp Immunol (2014)
46:3-10. doi: 10.1016/j.dci.2014.01.010

3. Liao Z, Wan Q, Yuan G, Su J. The Systematic Identification and mRNA
Expression Profiles Post Viral or Bacterial Challenge of Complement System
in Grass Carp (Ctenopharyngodon Idella). Fish Shellfish Immunol (2019)
86:107-15. doi: 10.1016/j.£51.2018.11.032

4. Kato Y, Nakao M, Shimizu M, Wariishi H, Yano T. Purification and
Functional Assessment of C3a, C4a and C5a of the Common Carp
(Cyprinus Carpio) Complement. Dev Comp Immunol (2004) 28:901-10.
doi: 10.1016/j.dci.2004.01.006

5. Ehrengruber MU, Geiser T, Deranleau DA. Activation of Human Neutrophils
by C3a and C5a. Comparison of the Effects on Shape Changes, Chemotaxis,
Secretion, and Respiratory Burst. FEBS Lett (1994) 346:181-4. doi: 10.1016/
0014-5793(94)00463-3

6. Elsner J, Oppermann M, Czech W, Dobos G, Schopf E, Norgauer J, et al. C3a
Activates Reactive Oxygen Radical Species Production and Intracellular
Calcium Transients in Human Eosinophils. Eur J Immunol (1994) 24:518-
22. doi: 10.1002/€ji. 1830240304

7. Elsner ], Oppermann M, Czech W, Kapp A. C3a Activates the Respiratory Burst in
Human Polymorphonuclear Neutrophilic Leukocytes via Pertussis Toxin-Sensitive
G-Proteins. Blood (1994) 83:3324-31. doi: 10.1182/blood.V83.11.3324.3324

8. Hartmann K, Henz BM, Kruger-Krasagakes S, Kohl J, Burger R, Guhl S, et al.
C3a and Cb5a Stimulate Chemotaxis of Human Mast Cells. Blood (1997)
89:2863-70. doi: 10.1182/blood.V89.8.2863

9. Daffern PJ, Pfeifer PH, Ember JA, Hugli TE. C3a is a Chemotaxin for Human

Eosinophils But Not for Neutrophils. I. C3a Stimulation of Neutrophils is

Secondary to Eosinophil Activation. ] Exp Med (1995) 181:2119-27. doi: 10.1084/

jem.181.6.2119

Takabayashi T, Vannier E, Clark BD, Margolis NH, Dinarello CA, Burke JF,

et al. A New Biologic Role for C3a and C3a Desarg: Regulation of TNF-Alpha

and IL-1 Beta Synthesis. ] Immunol (1996) 156:3455-60.

—

10.

FUNDING

This work was supported by the National Natural Science
Foundation of China (31972824 and 31602184), the Open
Project of Guangdong Provincial Key Laboratory of Pathogenic
Biology and Epidemiology for Aquatic Economic Animals
(PBEA2021ZD02), the National Key Research and Development
Program of China (2018YFD0900505), and the Fundamental
Research Funds for the Central Universities (26 62018QD053).

ACKNOWLEDGMENTS

The authors thank Yan Wang (Analysis and Testing Center,
Institute of Hydrobiology, Chinese Academy of Sciences) and
Zhe Hu (State Key Laboratory of Agricultural Microbiology,
Huazhong Agricultural University) for their technical assistance
in cell sorting and confocal microscopy, respectively.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.
873982/full#supplementary-material

11. Zhou W. The New Face of Anaphylatoxins in Immune Regulation.
Immunobiology (2012) 217:225-34. doi: 10.1016/j.imbi0.2011.07.016
Rotllant J, Parra D, Peters R, Boshra H, Sunyer JO. Generation, Purification
and Functional Characterization of Three C3a Anaphylatoxins in Rainbow
Trout: Role in Leukocyte Chemotaxis and Respiratory Burst. Dev Comp
Immunol (2004) 28:815-28. doi: 10.1016/j.dci.2003.11.001

Forn-Cuni G, Reis ES, Dios S, Posada D, Lambris JD, Figueras A, et al. The
Evolution and Appearance of C3 Duplications in Fish Originate an Exclusive
Teleost C3 Gene Form With Anti-Inflammatory Activity. PloS One (2014) 9:
€99673. doi: 10.1371/journal.pone.0099673

. Nakao M, Mutsuro J, Obo R, Fujiki K, Nonaka M, Yano T. Molecular Cloning
and Protein Analysis of Divergent Forms of the Complement Component C3
From a Bony Fish, the Common Carp (Cyprinus Carpio): Presence of Variants
Lacking the Catalytic Histidine. Eur J Immunol (2000) 30:858-66. doi: 10.1002/
1521-4141(200003)30:3<858:: AID-IMMU858>3.0.CO;2-M

Desjardins M, Houde M, Gagnon E. Phagocytosis: The Convoluted Way From
Nutrition to Adaptive Immunity. Immunol Rev (2005) 207:158-65. doi: 10.1111/
j-0105-2896.2005.00319.x

Stuart LM, Ezekowitz RA. Phagocytosis: Elegant Complexity. Immunity
(2005) 22:539-50. doi: 10.1016/j.immuni.2005.05.002

Parra D, Rieger AM, Li ], Zhang YA, Randall LM, Hunter CA, et al. Pivotal
Advance: Peritoneal Cavity B-1 B Cells Have Phagocytic and Microbicidal
Capacities and Present Phagocytosed Antigen to CD4" T Cells. J Leukoc Biol
(2012) 91:525-36. doi: 10.1189/j1b.0711372

Gao J, Ma X, Gu W, Fu M, An J, Xing Y, et al. Novel Functions of Murine B1
Cells: Active Phagocytic and Microbicidal Abilities. Eur J Immunol (2012)
42:982-92. doi: 10.1002/¢ji.201141519

Li J, Barreda DR, Zhang YA, Boshra H, Gelman AE, Lapatra S, et al. B
Lymphocytes From Early Vertebrates Have Potent Phagocytic and
Microbicidal Abilities. Nat Immunol (2006) 7:1116-24. doi: 10.1038/ni1389
Zhang YA, Salinas I, Li ], Parra D, Bjork S, Xu Z, et al. IgT, a Primitive
Immunoglobulin Class Specialized in Mucosal Immunity. Nat Immunol
(2010) 11:827-35. doi: 10.1038/ni.1913

Zhu LY, Lin AF, Shao T, Nie L, Dong WR, Xiang LX, et al. B Cells in Teleost
Fish Act as Pivotal Initiating APCs in Priming Adaptive Immunity: An

12.

13.

15.

16.

17.

18.

19.

20.

21.

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 873982


https://www.frontiersin.org/articles/10.3389/fimmu.2022.873982/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.873982/full#supplementary-material
https://doi.org/10.1016/j.fsi.2005.04.004
https://doi.org/10.1016/j.dci.2014.01.010
https://doi.org/10.1016/j.fsi.2018.11.032
https://doi.org/10.1016/j.dci.2004.01.006
https://doi.org/10.1016/0014-5793(94)00463-3
https://doi.org/10.1016/0014-5793(94)00463-3
https://doi.org/10.1002/eji.1830240304
https://doi.org/10.1182/blood.V83.11.3324.3324
https://doi.org/10.1182/blood.V89.8.2863
https://doi.org/10.1084/jem.181.6.2119
https://doi.org/10.1084/jem.181.6.2119
https://doi.org/10.1016/j.imbio.2011.07.016
https://doi.org/10.1016/j.dci.2003.11.001
https://doi.org/10.1371/journal.pone.0099673
https://doi.org/10.1002/1521-4141(200003)30:3%3C858::AID-IMMU858%3E3.0.CO;2-M
https://doi.org/10.1002/1521-4141(200003)30:3%3C858::AID-IMMU858%3E3.0.CO;2-M
https://doi.org/10.1111/j.0105-2896.2005.00319.x
https://doi.org/10.1111/j.0105-2896.2005.00319.x
https://doi.org/10.1016/j.immuni.2005.05.002
https://doi.org/10.1189/jlb.0711372
https://doi.org/10.1002/eji.201141519
https://doi.org/10.1038/ni1389
https://doi.org/10.1038/ni.1913
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Ma et al.

Teleost C3a Regulates Phagocytic B Cells

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Evolutionary Perspective on the Origin of the B-1 Cell Subset and B7
Molecules. J Immunol (2014) 192:2699-714. doi: 10.4049/jimmunol.1301312
Zhang XJ, Wang P, Zhang N, Chen DD, Nie P, Li JL, et al. B Cell Functions
can be Modulated by Antimicrobial Peptides in Rainbow Trout
(Oncorhynchus Mykiss): Novel Insights Into the Innate Nature of B Cells in
Fish. Front Immunol (2017) 8:388. doi: 10.3389/fimmu.2017.00388

Yang S, Tang X, Sheng X, Xing J, Zhan W. Analysis of the Role of IL-10 in the
Phagocytosis of Migm(+) B Lymphocytes in Flounder (Paralichthys Olivaceus).
Fish Shellfish Immunol (2019) 92:813-20. doi: 10.1016/;.fs1.2019.06.059
Aquilino C, Granja AG, Castro R, Wang T, Abos B, Parra D, et al. Rainbow
Trout CK9, a CCL25-Like Ancient Chemokine That Attracts and Regulates B
Cells and Macrophages, the Main Antigen Presenting Cells in Fish. Oncotarget
(2016) 7:17547-64. doi: 10.18632/oncotarget.8163

Tang X, Yang S, Sheng X, Xing J, Zhan W. Transcriptome Analysis of Immune
Response of Migm" B Lymphocytes in Japanese Flounder (Paralichthys Olivaceus)
to Lactococcus Lactis In Vitro Revealed That IFN I-3 Could Enhance Their
Phagocytosis. Front Immunol (2019) 10:1622. doi: 10.3389/fimmu.2019.01622
Boshra H, Wang T, Hove-Madsen L, Hansen J, Li J, Matlapudi A, et al.
Characterization of a C3a Receptor in Rainbow Trout and Xenopus: The First
Identification of C3a Receptors in Nonmammalian Species. ] Immunol (2005)
175:2427-37. doi: 10.4049/jimmunol.175.4.2427

Zwirner J, Gotze O, Begemann G, Kapp A, Kirchhoff K, Werfel T. Evaluation
of C3a Receptor Expression on Human Leucocytes by the Use of Novel
Monoclonal Antibodies. Immunology (1999) 97:166-72. doi: 10.1046/j.1365-
2567.1999.00764.x

Li J, Peters R, Lapatra S, Vazzana M, Sunyer JO. Anaphylatoxin-Like
Molecules Generated During Complement Activation Induce a Dramatic
Enhancement of Particle Uptake in Rainbow Trout Phagocytes. Dev Comp
Immunol (2004) 28:1005-21. doi: 10.1016/j.dci.2004.03.004

Wu N, LaPatra SE, Li J, Sunyer JO, Zhang YA. Complement C5a Acts as
Molecular Adjuvant in Fish by Enhancing Antibody Response to Soluble
Antigen. Fish Shellfish Immunol (2014) 40:616-23. doi: 10.1016/j.£51.2014.08.013
Cui ZW, Zhang XY, Wu CS, Zhang YA, Zhou Y, Zhang XJ. Membrane IgM*
Plasma Cells in Grass Carp (Ctenopharyngodon Idella): Insights Into the
Conserved Evolution of IgM* Plasma Cells in Vertebrates. Dev Comp
Immunol (2020) 106:103613. doi: 10.1016/j.dci.2020.103613

Abos B, Bird S, Granja AG, Morel E, More Bayona JA, Barreda DR, et al.
Identification of the First Teleost CD5 Molecule: Additional Evidence on
Phenotypical and Functional Similarities Between Fish IgM™ B Cells and
Mammalian B1 Cells. J Immunol (2018) 201:465-80. doi: 10.4049/
jimmunol.1701546

Wang J, Wu CS, Hu YZ, Yang L, Zhang XJ, Zhang YA. Plasmablasts Induced
by Chitosan Oligosaccharide Secrete Natural IgM to Enhance the Humoral

Immunity in Grass Carp. Carbohydr Polym (2022) 281:119073. doi: 10.1016/
j.carbpol.2021.119073

Sunyer JO, Zarkadis IK, Sahu A, Lambris JD. Multiple Forms of Complement
C3 in Trout That Differ in Binding to Complement Activators. Proc Natl Acad
Sci U.S.A. (1996) 93:8546-51. doi: 10.1073/pnas.93.16.8546

Sunyer JO, Boshra H, Li J. Evolution of Anaphylatoxins, Their Diversity and
Novel Roles in Innate Immunity: Insights From the Study of Fish
Complement. Vet Immunol Immunopathol (2005) 108:77-89. doi: 10.1016/
j.vetimm.2005.07.009

Rombout JH, Huttenhuis HB, Picchietti S, Scapigliati G. Phylogeny and
Ontogeny of Fish Leucocytes. Fish Shellfish Immunol (2005) 19:441-55.
doi: 10.1016/j.£51.2005.03.007

Rabinovitch M. Professional and non-Professional Phagocytes: An
Introduction. Trends Cell Biol (1995) 5:85-7. doi: 10.1016/s0962-8924(00)
88955-2

Nagl M, Kacani L, Mullauer B, Lemberger EM, Stoiber H, Sprinzl GM, et al.
Phagocytosis and Killing of Bacteria by Professional Phagocytes and Dendritic
Cells. Clin Diagn Lab Immunol (2002) 9:1165-8. doi: 10.1128/cdli.9.6.1165-
1168.2002

WulL,Qin Z, LiuH, Lin L, Ye ], Li . Recent Advances on Phagocytic B Cells in
Teleost Fish. Front Immunol (2020) 11:824. doi: 10.3389/fimmu.2020.00824
Wu LT, Li L, Gao AL, Ye JM, Li J. Antimicrobial Roles of Phagocytosis in
Teleost Fish: Phagocytic B Cells vs Professional Phagocytes. Aquaculture
Fisheries (2022). doi: 10.1016/j.2a£.2021.12.008. Available at: https://www.
sciencedirect.com/science/article/pii/S2468550X21001647

33.

34.

35.

36.

37.

38.

39.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Ma, Liang, Li, Sun, Wu, Hu, Li, Zhang and Zhang. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 873982


https://doi.org/10.4049/jimmunol.1301312
https://doi.org/10.3389/fimmu.2017.00388
https://doi.org/10.1016/j.fsi.2019.06.059
https://doi.org/10.18632/oncotarget.8163
https://doi.org/10.3389/fimmu.2019.01622
https://doi.org/10.4049/jimmunol.175.4.2427
https://doi.org/10.1046/j.1365-2567.1999.00764.x
https://doi.org/10.1046/j.1365-2567.1999.00764.x
https://doi.org/10.1016/j.dci.2004.03.004
https://doi.org/10.1016/j.fsi.2014.08.013
https://doi.org/10.1016/j.dci.2020.103613
https://doi.org/10.4049/jimmunol.1701546
https://doi.org/10.4049/jimmunol.1701546
https://doi.org/10.1016/j.carbpol.2021.119073
https://doi.org/10.1016/j.carbpol.2021.119073
https://doi.org/10.1073/pnas.93.16.8546
https://doi.org/10.1016/j.vetimm.2005.07.009
https://doi.org/10.1016/j.vetimm.2005.07.009
https://doi.org/10.1016/j.fsi.2005.03.007
https://doi.org/10.1016/s0962-8924(00)88955-2
https://doi.org/10.1016/s0962-8924(00)88955-2
https://doi.org/10.1128/cdli.9.6.1165-1168.2002
https://doi.org/10.1128/cdli.9.6.1165-1168.2002
https://doi.org/10.3389/fimmu.2020.00824
https://doi.org/10.1016/j.aaf.2021.12.008
https://www.sciencedirect.com/science/article/pii/S2468550X21001647
https://www.sciencedirect.com/science/article/pii/S2468550X21001647
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Complement C3a Enhances the Phagocytic Activity of B Cells Through C3aR in a Fish
	Introduction
	Materials and Methods
	Experimental Fish
	Searching, Identification, and Localization of C3 Genes in Grass Carp Genome
	Detection of the mRNA Expression of C3 Genes in Grass Carp Tissues
	Determination of the C3a Fragment from Grass Carp C3.1
	Production of Polyclonal Antibodies Against Grass Carp C3a.1
	Detection of the C3.1 Proteins in Grass Carp Serum
	Fractionation and Detection of C3a.1 in Activated Grass Carp Serum
	Expression and Purification of Glutathione S-Transferase (GST)-Tagged Recombinant C3a.1
	Isolation of Leukocytes
	Assay of Phagocytosis
	Production of pAbs Against Grass Carp C3aR
	Detection of the Expression of C3aR in Grass Carp IgM+ B Cells
	Blocking C3aR by Anti-C3aR pAbs
	Statistical Analysis

	Results
	Nine C3 Genes Exist in Grass Carp
	C3.1 is the Dominant C3 Molecule in Grass Carp
	Native C3a.1 is Generated in the Activated Grass Carp Serum
	C3a.1 Enhances the Phagocytic Activity of Grass Carp IgM+ B Cells
	C3a.1 Enhances the Phagocytic Activity of Grass Carp IgM+ B Cells Through the C-Terminal α-helix Region
	C3aR is Highly Expressed by Grass Carp IgM+ B Cells
	C3a.1 Enhances the Phagocytic Activity of Grass Carp IgM+ B Cells Through C3aR

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


