1' frontiers
in Immunology

ORIGINAL RESEARCH
published: 12 August 2020
doi: 10.3389/fimmu.2020.01706

OPEN ACCESS

Edited by:

Leon Grayfer,

George Washington University,
United States

Reviewed by:

Zhen Xu,

Huazhong Agricultural
University, China

Yong-hua Hu,

Chinese Academy of Tropical
Agricultural Sciences, China

*Correspondence:
Jianmin Ye
Jjmye@m.scnu.edu.cn

Specialty section:

This article was submitted to
Comparative Immunology,

a section of the journal
Frontiers in Immunology

Received: 24 April 2020
Accepted: 26 June 2020
Published: 12 August 2020

Citation:

Mu L, Yin X, Wu H, Han K, Guo Z and
Ye J (2020) MAp34 Regulates the
Non-specific Cell Immunity of
Monocytes/Macrophages and Inhibits
the Lectin Pathway of Complement
Activation in a Teleost Fish.

Front. Immunol. 11:1706.

doi: 10.3389/fimmu.2020.01706

Check for
updates

MAp34 Regulates the Non-specific
Cell Immunity of Monocytes/
Macrophages and Inhibits the Lectin
Pathway of Complement Activation
in a Teleost Fish

Liangliang Mu, Xiaoxue Yin, Hairong Wu, Kailiang Han, Zheng Guo and Jianmin Ye*

Guangdong Provincial Key Laboratory for Healthy and Safe Aquaculture, School of Life Sciences, Institute of Modern
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The lectin pathway of the complement system is one of the main components of innate
immunity, which plays a pivotal role in the defense against infectious microorganisms
and maintains immune homeostasis. However, its control mechanisms remain unclear in
teleost fish. In this study, we described the identification and functional characterization
of a mannose-binding lectin associated protein MAp34 (OnMAp34) from Nile tilapia
(Oreochromis niloticus) at molecular, cellular, and protein levels. The open reading frame
(ORF) of OnMAp34 is 918 bp of nucleotide sequence encoding a polypeptide of 305
amino acids. The deduced amino acid sequence has three characteristic structures,
including two C1r/C1s-Uegf-BMP domains (CUB) and one epidermal growth factor
domain (EGF). Expression analysis revealed that the OnMAp34 was highly expressed
in the liver and widely existed in other examined tissues. In addition, the mRNA and
protein expression levels of ONMApP34 were remarkably altered upon infection with
Streptococcus agalactiae and Aeromonas hydrophila in vivo and in vitro. Further, we
found that the OnMApP34 could participate in the non-specific cellular immune defense,
including the regulation of inflammation, migration, and enhancement of phagocytosis of
monocytes/macrophages. Moreover, the OnMAp34 could compete with OnMASPs to
combine OnMBL and inhibit the lectin pathway of complement activation. Overall, our
results provide new insights into the understanding of MAp34 as a potent regulator in
the lectin complement pathway and non-specific cell immunity in an early vertebrate.

Keywords: Oreochromis niloticus, MAp34, non-specific cell immunity, competitive inhibition, lectin pathway

INTRODUCTION

Complement is the central part of innate immunity that plays a key role in the defense against
pathogens and homeostasis (1). The complement system can be activated depending on the context
by three different pathways, including the classical pathway (CP), the alternative pathway (AP), and
the lectin pathway (LP), of which the LP serves as the first line of defense against pathogen invasion
(2, 3). The LP is initiated when mannose-binding lectin (MBL) or ficolin (FCN) binds appropriate
carbohydrate or acetylated patterns of microorganism and forms complexes with MBL-associated
serine proteases (MASPs) (4, 5). Then, the complement system is activated by a series of enzymatic
cascades, such as the cleavage of complement factors C4 and C2, the cleavage and deposition of
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the central complement component C3 into C3b, the formation
of the C5 convertase, and the recruitment of C6, C7, C8, and C9
(2, 3, 6, 7). The result of the complement activation eventually
leads to lysis and killing of pathogenic microorganisms through
the membrane attack complex (MAC) (2, 7).

MASPs belong to the serine-protease superfamily and contain
five regulatory domains (CUB1-EGF-CUB2-CCP1-CCP2) and a
serine protease domain (SP), which play indispensable roles in
the control of complement activation by LP (7, 8). In mammals,
members of the MASP family have been reported to include
three serine proteases, MASP-1, MASP-2, and MASP-3, and
two non-enzymatic proteins, MAp44 (MAp-1) and MApl9
(SMAP) (5, 9). Among them, MASP-1, MASP-3, and MAp44
are splicing variants from the MASPI gene, while MASP-2, and
MAPp19 are splicing variants from the MASP2 gene (5, 10). In
general, MASP-2 is capable of cleaving C4 and C2 to form C3
convertase, and further downstream activation leads to cleavage
and deposition of C3b (11, 12). Recent studies show that MASP-
2 activation strictly depends on MASP-1, which produces 60%
of C2a responsible for the C3 convertase formation (7, 13).
Therefore, MASP-1 and MASP-2 may be indispensable for the
LP of complement activation.

The LP is the key to inducing immune response and plays a
vital role in the host resistance to pathogen infection. However,
uncontrolled activation of complement can lead to excessive
inflammation, causing tissue damage and even necrosis or
autoimmune disease, requiring control mechanisms (14, 15).
The non-enzymatic MAp44 is an alternative splicing product of
MASP-1 and only contains the two CUBs, the EGE, and the first
CCP domain, which can function as a potent inhibitor of the
LP activation in vivo (5, 16, 17). Similarly, a truncated protein
of MASP-2, MAP19 contains only one CUB and EGF domain,
which may act as a regulator of the LP activation by competitively
binding MBL and FCN (18, 19). Further, C1 inhibitor (C1INH),
an inhibitor for Clr and Cls, forms equimolar complexes with
MASPs and prevents proteolytic activity, which plays a vital
regulation role in the CP and LP (20, 21). Apart from the
function in complement activation, MASPs also play other multi-
functional functions (7). MASP-1 can play roles in a variety of
biological effects, including coagulation, enzymatic hydrolysis
of factor XIII and fibrinogen, cell activation, and inflammation
regulation (7, 22, 23). Moreover, MAp44 also participates
in the regulation of inflammatory reaction and has been
considered to be a potential available therapy of inflammatory
arthritis (24, 25).

In teleosts, the structure and function of MASPs have been
investigated in a few species. In common carp (Cyprinus carpio),
MASP-2 was cloned and analyzed, which could participate in the
catalytic activation of C4 (26). MASP-1 could mediate immune
responses of host resistance to A. hydrophila invasion from
grass carp (Ctenopharyngodon idella) (27). In addition, we have
presented the identification of the OnMBL, OnMASP-1, and
OnMAp44 from Nile tilapia (O. niloticus), which exert pivotal
roles in the host defense of innate immunity (25, 28, 29).
Interestingly, a novel MBL-associated protein (MAp34) from
Cynoglossus semilaevis was identified, which was found to possess
hemolytic and bacteriostatic activity and regulation of immune

cell activity (30). However, there are few studies on the related
immune mechanism, especially in the regulation of the LP and
non-specific cell immunity.

In the present study, we reported the expression and function
of a mannose-binding lectin/ficolin-associated protein from
O. niloticus, which was denominated OnMAp34. The full length
of OnMAp34 was identified and analyzed. The expression profiles
of OnMAp34 were explored in different tissues and cells upon
pathogen infection (S. agalactiae and A. hydrophila). Further,
the effect of recombinant OnMAp34 protein on non-specific cell
immunity including inflammation, migration, and phagocytosis,
were demonstrated. Moreover, we found that OnMAp34 could
compete with OnMASPs to combine OnMBL and inhibit the
lectin pathway of complement activation. Therefore, our results
provide new insights into the understanding of MAp34 as an
important regulator in the lectin complement pathway and non-
specific cell immunity in an early vertebrate.

MATERIALS AND METHODS

Animals

Nile tilapia, about 80 &= 10 g (for challenge experiment) and 300
=+ 20 g (for cell separation) were procured from the Guangdong
Tilapia Breeding Farm (Guangzhou, China), which were cultured
as previously described (28, 31). The Balb/c female mice for the
preparation of polyclonal antibody (pAb) were purchased from
Guangdong Medical Laboratory Animal Center (Guangzhou,
China). All animal protocols were reviewed and approved by the
University Animal Care and Use Committee of the South China
Normal University.

Immunization and Sample Collection

To characterize the tissue distribution of OnMAp34, the samples
from healthy O. niloticus were collected, including liver, head
kidney, hind kidney, spleen, skin, gills, peripheral blood, thymus,
muscle, and intestine. To explore the variation of OnMAp34 after
bacterial challenges, the experimental fish were intraperitoneally
injected with 0.1 mL live S. agalactiae (ZQ0910, 1 x 107
CFU/mL) or A. hydrophila (BYK00810, 1 x 107 CFU/mL) (28,
31). The control group was stimulated with 0.1 mL sterilized
phosphate-buffered saline (PBS, 10mM phosphate, 150 mM
NaCl, pH 7.4) per fish. Liver, spleen, and head kidney samples
were collected at time points of 0, 3, 6, 12, 24h, 2, 3,
5, and 7 d post-immunization. All of the collected samples
were immediately frozen in liquid nitrogen and deposited
at —80°C.

Cloning and Analysis of OnMAp34

The full-length sequence of OnMAp34 was identified based
on the predicted sequence of O. niloticus MAp34 (GenBank
accession XM_031726339.1). All of the primers in this study were
summarized in Table 1. The sequence analysis referred to the
previous description (28). A phylogenetic tree was constructed
with molecular evolution genetics analysis (MEGA) software
version 6.0, and 1,000 bootstrap replications were applied to
evaluate reliability (32).
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TABLE 1 | Primers used in this study.

Primers Nucleotide sequence (5'-3') Purpose
MAp34-F CCTCTATGTTGTTGCTCTTTTTITCT Full cDNA
MApP34-R CAGTCTGAAGTCAAAGTAAGGGTCT Full cDNA
M13-F TGTAAAACGACGGCCAGT Sequencing
M13-R CAGGAAACAGCTATGACC Sequencing
EMAp34-F  CGCGGATCCGTGGAAATGACAGGGTTATACGGC  Protein
expression
EMAp34-R  CGCAAGCTTAGTCTGAAGTCAAAGTAAGGGTCT Protein
expression
B-actin-F CGAGAGGGAAATCGTGCGTGACA Control
B-actin-R AGGAAGGAAGGCTGGAAGAGGGC Control
gMAp34-F  CCAGGTTTTGGCAGAGGGG gRT-PCR
gMAp34-R  GTTTCGGGCTGACAGGATGA gRT-PCR
qlL-18-F CGTGCCAACAGTGAGAAAGCG gRT-PCR
qlL-18-R CAGGAGGGACGGAAGGGAT gRT-PCR
qlL-6-F ACAGAGGAGGCGGAGATG gRT-PCR
qlL-6-R GCAGTGCTTCGGGATAGAG gRT-PCR
qTNF-a-F GCTGAGGCTCCTGGACAAAA gRT-PCR
qTNF-a-R TCTGCCATTCCACTGAGGTCTT gRT-PCR
qlL-10-F TGGAGGGCTTCCCCGTCAG gRT-PCR
qlL-10-R CTGTCGGCAGAACCGTGTCC gRT-PCR
qlL-8-F GATAAGCAACAGAATCATTGTCAGC gRT-PCR
qlL-8-R CCTCGCAGTGGGAGTTGG gRT-PCR
qCCL3-F AGACCACTCACATCCTTTTGCTG gRT-PCR
qCCL3-R GCAGGCTTTGGGCATCG gRT-PCR
gMCP-1BF  TGTCCTTCATCACCCATACGC gRT-PCR
gMCP-1BR  TGCTGCCTTCAGTGTTGTGG gRT-PCR
gMIF-F CACATCAACCCTGACCAAAT gRT-PCR
gMIF-R GCCTGTTGGCAGCACC gRT-PCR

Quantitative Real-Time PCR

Total RNAs and c¢DNA from abovementioned samples
were extracted and synthesized using a Trizol Reagent and
PrimerScript™ RT reagent kit with a gDNA Eraser (TaKaRa,
Japan) as in previous descriptions (28, 31). The quality and
concentration of RNA were determined by the Nanodrop 2000
assay (Thermo Fisher, USA). qRT-PCR was performed through
the 7500 Real Time PCR System (Life Technologies, USA) with
SYBR premix ExTaq™ II (Takara, Japan). The reaction volume
and program were the same as before (28, 31). B-actin was
used as an internal control to normalize the relative expression
levels of OnMAp34 (28, 31, 33). Fold changes of OnMAp34
expression level were normalized against B-actin by the 2744t
method (34).

Isolation of Hepatocytes and

Monocytes/Macrophages

The preparation of primary O. niloticus hepatocytes was
performed as in previous descriptions (31, 35-37). Briefly, the
livers were dissected and digested with 0.1% trypsin (0.2% EDTA)
(Sigma, USA) for 20 min. After washing, the cells were re-
suspended with the addition of a 3-mL red blood cell lysis

buffer (KangWei, China) on the ice for 3min. Then the cells
were washed and adjusted to 1 x 10° cells/mL within the
DMEM medium.

Monocytes/macrophages (MO/M®) were separated from the
head kidney as in previous descriptions (33, 37-39). Briefly, the
cells were isolated through a 54%/31% discontinuous percoll
(Sigma, USA) density gradient and centrifuged at 500x g at
4°C for 40 min. The cells were collected and adjusted to 1 x
107 cells/mL with the L-15 medium (Gibico, USA), then finally
cultured at least 24 h at 25°C. After removing the non-adherent
cells, the MO/M® were re-suspended and adjusted to 1 x 10°
cells/mL with the L-15 medium.

The experimental group was stimulated with formalin-
inactivated S. agalactiae or A. hydrophila (1 x 107 CFU/mL), and
the control group was only stimulated with sterile 1 x PBS. All
the groups were maintained at 25°C, and cells were collected at
the time points of 0, 3, 6, 12, 24, and 48 h post-stimulation.

Expression and Purification of OnMA34

The ORF of OnMAp34 was amplified by the specific primers with
restriction sites (BamH I and Hind I1I) EMAp34-F and EMAp34-
R (Table 1). The expression plasmid Trx-pET-32a-MAp34 was
constructed and transferred into E. coli BL21 (DE3) (TianGen,
China). Then the cells were cultured in LB-ampicillin at 37°C
until O.D. 600 reached 0.6-0.8. Subsequently, the bacteria were
induced by 1 mM isopropyl-p-D-thiogalactopyranpside (IPTG)
for 5h at 37°C. After ultrasonic (Xin Zhi, China) crushing, the
recombinant protein was purified with His Band Resin columns
(Novagen, Germany) according to the protocol and analyzed by
a 12% SDS-PAGE. Moreover, the Trx-pET-32a (Trx) was also
prepared for subsequent experiments (28).

Preparation of Mouse Polyclonal
Antibodies

The (r)OnMAp34 was used as an antigen to immunize mice
for preparation pAb as described previously (28). After the
third immunization, the titer of pAb reached a level of 512,000
units/mL, then the serum was collected and stored at —80°C in a
refrigerator. The specificity of the pAb to OnMAp34 was detected
by Western blot.

Immunofluorescence ldentification of
OnMAp34

To explore the protein expression levels of OnMAp34 in the liver
and spleen upon pathogen infection, the immunofluorescence
was performed according to previous descriptions (28). The
primary antibody was the pAb of (r)OnMAp34; the fluorescent
antibody was goat-anti-mouse IgG Alexa 488 (Thermo, USA).
The immunofluorescence was detected by a fluorescence
microscope (Leica, Germany).

ELISA to Determine OnMAp34

Concentration

The OnMAp34 concentration in the Nile tilapia serum and cell
supernatant was tested by a competitive inhibition ELISA assay as
reported previously (25, 40). Briefly, the 96-well plates (Corning,
USA) were coated with (r)OnMAp34 (2 pg/mL), diluted with a
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coating buffer (0.05M carbonate-bicarbonate buffer, pH 9.6) at
4°C overnight. The plates were then blocked with 0.5% BSA-
TTBS for 2h at 37°C. The stimulated serum (2-fold dilution),
culture supernatant, and mouse anti-OnMAp34 pAb (1:3,200,
the optimal dilution determined previously) were placed in each
well and incubated for 1h. The second antibody was goat anti-
mouse IgG antibody (1:2,000) (Southern Biotech, USA). Finally,
the result was detected by a microplate reader (Thermo, USA) at
O.D. 405 and calculated from pre-made standard curves.

Expression Analysis of Inflammatory

Cytokines and Chemokines

In order to investigate the (r)OnMAp34 (endotoxin removal)
playing an important role in inflammation and migration
response, the experiment was implemented as in previous
descriptions (25, 29). Briefly, the expressions of interleukin-18
(IL-1B), interleukin-6 (IL-6), tumor necrosis factor o (TNF-
«), interleukin-10 (IL-10), chemokine 8 (CXCL-8), chemokine
ligand 3 (CCL3), monocyte chemotactic protein 1B (MCP-1B),
and macrophage migration inhibitory factor (MIF) were tested
in MO/M®. The MO/M® was stimulated with (r)OnMAp34
(5ng/mL), Trx (5pg/mL), and 1x PBS as a control. Cells were
collected at different time points for subsequent analysis by
qRT-PCR. Moreover, the Trx protein (endotoxin removal) was
prepared as reported previously (28).

Assessment of Phagocytosis

To explore the effect of (r)OnMAp34 on phagocytosis, flow
cytometer (FCM) analysis was implemented as previous
descriptions (33, 37). Briefly, the MO/M® (1 x 10° cells/mL)
phagocytosing the FITC-labeled S. agalactiae and A. hydrophila
(1 x 107 CFU/mL) were analyzed by FCM (BD, USA), in
which the bacteria were pre-incubated with 100 wL of TBS, Trx
(100 pg/mL), or (r)OnMAp34 (100 g/mL) for 1h. The non-
ingested bacteria were removed, and the cell suspension was
centrifuged over a cushion of 3% BSA in TBS supplemented with
4.5% D-glucose at 100x gat 4°C for 10 min, repeated three times;
then the pellets were re-suspended with TBS, and 1 pL of ice-
cold trypan blue (0.4%) was added per sample (20). The 10,000
individual cells were analyzed in each sample. Data analyses were
implemented by Flowjo X.

Binding of (r)OnMAp34 to OnMBL

The interaction of OnMAp34 and OnMBL was performed
by ELISA. Briefly, OnMBL (2ug/mL) was incubated with
increasing concentrations (0, 1, 2, 5, and 10ug/mL) of
(r)OnMAp34, (r)OnMAp44, or (r)OnMASP-1, respectively. The
Trx and (r)OnClINH were used as control, then the pre-
incubated proteins were added to mannan-coated ELISA plates
in TBS-Ca?t (2mM CaCl,) at 25°C for 2h. Among them,
the OnMAp34, (r)OnMAp44, (r)OnMASP-1, (r)OnClINH,
and Trx were conjugated to biotin hydrazide (Sigma, USA),
respectively. After incubation and three washings, the plate
was added and incubated with streptavidin-HRP conjugate
(1:2,500, Southern Biotech, USA) for 1h at 37°C. At last, the
reaction was detected at O.D. 450 by a microplate reader.
Moreover, The interaction of (r)OnMAp34 and OnMBL was

further detected by Far-western blot. Briefly, the (r)OnMAp34
and (r)OnMASP-1 proteins were incubated with biotin-labeled
OnMBL (simultaneously adding 10 wg/mL mannan and 2mM
CaCl,) after SDS-PAGE, membrane transfer, and blocking. After
incubation and three washings, the interaction of proteins was
detected by streptavidin-HRP conjugate.

Competitive Binding of OnMAp34 and

OnMASP-1 to OnMBL

To investigate whether MBL and MAp34 binding sites were the
same as MASP binding sites, competitive ELISA was performed.
Briefly, fixed concentrations of (r)OnMASP-1 (2ug/mL)
and OnMBL (2ng/mL) were incubated with increasing
concentrations (0, 0.5, 2, 5, 10, 20, 40, 80, and 100 jLg/mL) of
(r)OnMAp34, (r)OnMAp44, and Trx, respectively; then the
pre-incubated proteins were added to the mannan (10 pg/mL)-
coated plates. Subsequently, the amounts of (r)OnMAp34 and
(r)OnMAp44 binding to OnMBL were examined with ELISA
using the streptavidin-HRP conjugate (1:2,500). Color reaction
and reading were as mentioned above.

Effect of OnMAps on LP

To investigate the effect of OnMAps On LP, an ELISA assay
was performed as reported previously (41). Briefly, (r)OnMAp34,
(r)OnMAp44, (r)OnC1INH, or Trx was added to diluted Nile
tilapia serum in an MBL-binding buffer (20mM Tris-HCI,
10mM CaCly, 1M NaCl, 0.05%, Triton X-100, 0.1% BAS, pH
7.4); then the mixtures were incubated in mannan-coated plates
for 3h to form lectin-MASP complexes. After four washings,
human C3 was added and incubated at 25°C for 3h. After
incubation and washing, the C3 fragments were detected with
the mouse anti-C3b monoclonal antibody (Sigma, USA) as
described above. Moreover, the amounts of bound (r)OnMAp34,
(r)OnMAp44, and (r)OnCI1INH in the complexes in situ were
also examined, respectively.

Statistical Analysis

The experiments were implemented three times and the data
were presented as mean =+ standard deviation (SD) by SPSS 17.0.
The statistical significance was determined by analysis of variance
(ANOVA) followed by a two-tailed Student ¢-test. The p values
are defined by letters (a, b, ¢) (p < 0.05) or asterisks (*p <
0.05, **p < 0.01). The figures were made using the Sigma Plot
10.0 software.

RESULT

Sequence Analysis of OnMAp34

An alternative splice product of OnMASP-2 was cloned from Nile
tilapia liver by PCR and was named mannose-binding lectin-
associated protein OnMAp34 due to its predicted molecular mass
of 34 kDa. The full length of OnMAp34 was 1,352 bp, containing
a 5-untranslated region (UTR) of 281 bp and a 3/-UTR of
153 bp (Figure 1A). The 3’-UTR had a polyadenylation signal
AATAAA and a polyadenylation tail. The ORF of OnMAp34 was
918 bp encoding a 305-amino acid (aa) residue (Figure 1A). The
structure domains of OnMAp34 encompassed a 119-aa CUBI,
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A
TAAGCAGTGGTACAACGCAGAGTACATGOGAGTTGGGTTATATTACATGAGAGGGCACATGOGOGACAGGCAGAAGG TGACACAGCACAG
GGOTGTATTTGGAATGATATCGCATCAGGCGCTGCTG TCAGTATTTTTATT TACCTAACAGGOGCAGGGGACGCGAC TATAG ARAGGAG
AACTTGTTAGACCATTG TCACGAGCAAATOTGG TTCAGTAAAAACARARAGG TCCATGCAGCTAAGATCCOTAATGAGAAGTGCAGG TAC
GAGAATCACTT

[RTCHCCAGOGGCCICTATGTIGTIGCTCTITTTICICTACTCCATGTCIOGCTGAG TG GAAKTGACAGGG TTATACGGCAGCTICACC
NTSGLYVVALFSLLEVSLSVENTGLYGSFT
TCICOCAACTIOCC0CAGOCTTACCCTGACAACCACCACG TAGTOTOGAACATCACTGTCOCAGATGRCCACAGGG TCARACTCTACTTT
SPHNFPQPYPDNQHEVYYNITVPDGHRVELTYF
AOCCACTICAGCATGGAACTCTCAGACCAG TG TGAATATGACTACATCCAGG TTTTGRCAGAGGAGARTGARACCTIGOCGTICTGCHGA
THFSNELSDQCEYDYIQVLAEGNETLRFCG
GAGGAAGGAKG AACCATGARAGCACOCG AGG AATACAATCATCCTGTCAGOCUSARACCTCATGTTAG TG TCTTTAGGAGTGACTAC
EEEKNHEESTPRANTIILSARNLUNLYVERSDY
TCTARCGAGOGACGATICACOCGCTICCANCCATTTTACACCTCAGAMGACATCAATGAG TCOCTOTOCAMGO TAGAMGCGSAGAGAGTG
SHEGRFTIGFQAFYTSEDINECLSEVEGERY
TGOGATCATTTTIGCCACAATTACATCG TOGCTATTACTGCAC TOCAGACAKGGATACCTICTOCATGACAACAGAAGATCCTGCACA
CDHFCHNYIGGYYCTCRQGYLLHEDNRRSCI
6006 TGOCAGAGCCAGTOCTGACGTCTCCTIORGCHOTICTGACTAG TCOGGTTATCUGAACOCCTACCCACTATEAGCORG TG
VPCQSQVLISPSGVLTISPGYPRNPYPPUSREC
AACCACAOCATOCGTCTGOCAGAGGGCTOCCGAATAATCCTGAACTIOCTGG AKCOCTTTGACATAGAAGGACATCCACAAGOCOCCTGT
WETIRLPEGSRIILNEFLEPFDIEGHPQAPC
COGTATGATATGTTGAAGATTICAACAGC TGGAARAGAG TATGGGOCCTICTGTGG00CAACGCCACCAGTCRGATIGACACGGGAMS T
PYDNLEISTAGKEYGPFCGPTPPDRIDIGS
TATGACTOCATOTTGAGTICAGGTO0GACTCTAG TGO ARAARACARGGGATOGAAGATCAAG TACACCAG TACCAGACAGAGAOCCTT
TDVHVYEFRSDSSGEKNKGCYKIKYTSTETETL
ACTTIGACTICAGACTGE]

TLTSD*
TCCTTCCTGATCCGATCAGACACACARACACACATTTTAACACAGAGCCGG TGCAGGGAG TGGGACATGCCGCCACCOCCGCCOCCACHG
CTAC (GCTCAAGTGGCATTCACGAMMARARARRARARARARARARARARA

'300

each branch indicated the percentage bootstrap values on 1,000 replicates.

C

Human MRLLTLLGLLCGSVATPLGPKVPEPVFRRL. i FVKLSSGAKY 85
Mouse MLUIFLGLLVSLVATLLGSKVPEPVFRRLY THOL FVKLSSOTKY 84
Red Jungletont MRLLLLLAVLCGGANS. . . SIVLCKMYERI PAHKERTRNVT! AVRI T YVKLSSSGKT 82
Zetea fich MS. . VLAFI ALLPLAFGLELTG. LFRSFT WVIPNACRVVEN TAGEE-RVRLEET' YVCVFSEGNE 81
Tiger Putter NTSGRCAFVLLLLLAVTHGVAVTG. LYRSFT POOCHVVEN §' | RLEG TVOVLAGGAE 84
Latge yellow croaker MASGCCVFVLFSLLHVSLSVENTR. LYRSF [PONCH VN §° TS |CVIAEGAE 84
Zebra mbuna MTGELYVWLFSLLEVSLSVENTG. LYRSFT PONCHVVIN TVRCEHRVKL 5L VI CVLAEGAE 84
Nile tlapia MTSGLYWALFSLLEVSLSVENTG. LYgSF /l 8
Human
Mous
Red Jungietont
Zebea fish
Tiger Putter
Large yellow croaker
2ba mbung
Nie tlapa
Human
Mouse
Red Jungietonl
Zebea fish
Tiget Pultr
Lange yellow croaker
26ba mbung
Nie Slapa
Human Tl HyTSTE (%) 2
Mouse TR HITSTARPCPCPTAP (453%) 305
Red Jungietowl TRVt AVGLPCPSPEAP (56 £}
Zeba fish | KQTSTACPCPAPYAP (614%) 30
Tiger Pubter | UNSTRAGSPTTI M%) kU]
Large yelon couker | iTs1 K706 SLT (83%) w
26bs mbuna | TS TEAETLSLTSD 97.1%) £
Nile tlapa | TSTETETLTLTSD 305
D .
Homo sapiens XP_016855586.1
Mus musculus XP_011248504.1
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FIGURE 1 | The full-length sequence and structural domains of OnMAp34. (A) The full length and deduced amino acid sequences of OnMApP34. The translation start,
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members was constructed using the NJ method by the MEGA 6 program based on the alignment of the MAp34s performed with the Clustal W method. Numbers at

a 44-aa EGF, and a 113-aa CUB2 (Figure 1B). Moreover, the
mature OnMAp34 protein had a theoretical isoelectric point
of 5.41.

The amino acid of OnMAp34 shared relative high identity
with Homo sapiens (47.1%), Mus musculus (45.5%), Gallus
gallus (45.6%), Danio rerio (61.4%), Takifugu rubripes (70.8%),
Larimichthys crocea (85.3%), and Maylandia zebra (97.1%)
(Figure 1C). Moreover, phylogenetic tree analysis showed that
MAp34s homology proteins from different species were distinctly
classified into two clusters (Figure 1D). Among them, the
OnMAp34 was closely related to the same family of Maylandia
zebra but was very different from mammals, which was similar

to the results of multiple sequence alignments. This reflected well
the established phylogeny of chosen organisms and displayed the
evolutionary relationships in accord with traditional taxonomy.

Tissue Distribution of OnMAp34

The transcript of OnMAp34 was tested in many tissues from
uninfected Nile tilapia (Figure 2A). The transcript of OnMAp34
was at a high level in the liver and also expressed in the head
kidney and hind kidney, whereas OnMAp34 was at a low level
in muscle and intestine. This result showed that OnMAp34
may be an important molecule and is widely distributed in
various tissues.
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FIGURE 2 | mRNA expression analysis of OnMAp34 after pathogen infection. (A) Tissue distribution of OnMAp34 mRNA in normal Nile tilapia. The ratio refers to the
gene expression in different tissues relative to that in the liver and target gene expression is normalized against g-actin. Temporal MRNA expression of OnMAp34
transcript in the liver (B), spleen (C), and head kidney (D) after S. agalactiae and A. hydrophila challenges. The mRNA expression of OnMAp34 in the hepatocytes
(E) and head kidney monocytes/macrophages (F) after S. agalactiae and A. hydrophila challenges. The error bars represent standard deviation (n = 9, three
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and health (o < 0.05).
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Expression Patterns of OnMAp34 After

Immune Challenge

To analyze the immune responses of OnMAp34 upon pathogen
infection in chosen tissues, qRT-PCR was implemented. The
OnMAp34 transcripts were significantly up-regulated within 5
d post-infection (p.i.) following S. agalactiae or A. hydrophila
challenges in the liver (Figure 2B). In the spleen, the transcripts
of OnMAp34 were remarkably increased when the tilapia
were challenged by S. agalactiae or A. hydrophila (Figure 2C).
Additionally, the dynamic pattern of OnMAp34 in the head
kidney was similar to the spleen following pathogen infection,
while S. agalactiae (9.7-fold) and A. hydrophila (8.4-fold)
enhanced the levels of OnMAp34 transcripts in the spleen to
higher than those in head kidney (3.5- and 2.3-fold, respectively)
(Figures 2C,D).

By isolating hepatocytes and MO/M® for in vitro
stimulation experiments, the expression level of OnMAp34
was detected (Figures 2E,F). In hepatocytes, the transcripts
of OnMAp34 were significantly unregulated within 12h
following S. agalactiae (3.1-fold) and A. hydrophila (7.4-fold)
stimulation (Figure 2E). In MO/M®, OnMAp34 was rapidly
increased after S. agalactiae (6 h p.i.) and A. hydrophila (3h p.i.)
stimulation (Figure 2F).

Expression and Purification of OnMAp34

In Figure 3A, a single band (~54 kDa) was examined by SDS-
PAGE analysis, which was consistent with the deduced size of
(r)OnMAp34. To verify the specificity of pAb, the (r)OnMAp34
was detected by Western blot. The result revealed a positive and
single band of about 54 kDa (Figure 3B). Moreover, a single band
(~35kDa) was detected in the serum and hepatocyte supernatant
by Western blot (Figure 3C).

Expression Dynamics of OnMAp34 in vivo

and in vitro

The pAb was implemented to examine the OnMAp34 in the
liver and spleen from tilapia after challenges of pathogens or
PBS. As shown in Figure 3D, the expression of OnMAp34
(green fluorescent signal) in the liver revealed an amount of
increase at 5 d p.i. In spleen, the fluorescence signal was
not virtually examined in the control group, whereas the
expression of OnMAp34 protein markedly increased after a
challenge with S. agalactiae (24h p.i.), and the similar up-
regulation of OnMAp34 was also observed upon A. hydrophila
(3 d p.i.) stimulation.

In the tilapia serum, the concentrations of OnMAp34
were significantly increased within 3 d after the challenges
with S. agalactiae and A. hydrophila, and the peak reached
at ~0.78 and 0.37 pg/mL, respectively (Figure 3E). In the
cell supernatant, the expression levels of OnMAp34 were
also remarkably up-regulated post infection (Figures3EG).
Interestingly, the dynamic changes of OnMAp34 protein were
similar to the OnMAp34 transcripts after pathogen infection,
but the peak expressions of OnMAp34 upon stimulations
appeared later than those of OnMAp34 in hepatocytes and
MO/M® (Figures 3EG).

Effects of OnMApP34 on Inflammatory and

Migration Reaction

To explore the inflammation and migration response upon
the stimulation of OnMAp34, the present study analyzed the
expression patterns of inflammatory cytokines and chemotactic
factors in MO/M® after treatment with (r)OnMAp34 and Trx.
After (r)OnMAp34 stimulation, the transcripts of inflammatory
factors were rapidly and significantly increased, including IL-1p,
IL-6, TNF-«, and IL-10. Among them, the transcripts of IL-18
and IL-6 were enhanced rapidly with the increase of 2.4-fold at
6hp.i.and 3.5-fold at 12 h p.i., respectively (Figures 4A,B), while
the transcript of IL-10 was enhanced with the increase of 1.9-fold
at 24 h p.i. (Figure 4D). Moreover, the expression of TNF-«z was
significantly enhanced with the increase of 2.8-fold at 48h p.i.
(Figure 4C). According to the results of CXCL-8, CCL3, MCP-1B,
and MIF after the stimulation of (r)OnMAp34, the expressions
also markedly increased. However, the transcripts of CXCL-8,
CCL3, and MCP-1B were rapidly increased at 6, 3h, and 12h p.i,,
respectively, while the MIF significantly up-regulated at 24 h p.i.
(Figure 4).

OnMAp34 Promotes Phagocytosis

To investigate the mechanism of OnMAp34 promoting bacterial
clearance, the bacterial phagocytosis of MO/M® was performed
by FCM. As shown in Figure5A, the S. agalactiae and A.
hydrophila were successfully labeled by FITC, and M® alone did
not show any fluorescence. The (r)OnMAp34 could significantly
enhance the phagocytosis of MO/M® against S. agalactiae and A.
hydrophila (Figure 5B). The phagocytic percentage (Figure 5C)
and phagocytic index (Figure 5D) of the (r)OnMAp34 group
were significantly higher than those in the control group.

OnMAp34-Mediated Inhibition of

OnMASP-1 Binding to OnMBL

To explore the combination of the OnMAp34 and OnMASP-
1 with OnMBL, the interaction pattern of protein was detected
by ELISA assay. The results indicated that the (r)OnMAp34,
(r)OnMAp44, and (r)OnMASP-1 could bind to the OnMBL in
a concentration-dependent manner (Figure 6A). By contrast,
(r)OnC1INH and Trx could not bind to OnMBL (Figure 6A).
Moreover, the (r)OnMAp34 and (r)OnMASP-1 could also bind
to the OnMBL by Far-western blot analysis (Figure S2). Since
MAps have the same binding domains as MASPs, in order to
determine whether MAps compete with MASPs for binding to
MBL, the ELISA assay was performed. Using the competition
ELISA assay, We found that the binding of (r)OnMASP-
1 reduced with a dose-dependent manner by adding plenty
of (r)OnMAp34 and (r)OnMAp44 (Figure 6B). This result
suggested that the OnMAp34, OnMAp44, and OnMASP-1 bind
to the same or overlapping sites on the OnMBL.

OnMAps Down-Regulates MASP-Mediated
LP

Combining the above results of OnMAp34 competition with
OnMASP-1 for binding to OnMBL, the effect of OnMAp34
on MASP-mediated LP was explored. As shown in Figure 7,
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the (r)OnMAp34 or (r)OnMAp44 was incubated with the Nile
tilapia serum, then the number of C3 fragments reduced with the
addition of OnMAps in a dose-dependent manner, whereas Trx
did not decrease the number of C3 fragments (Figures 7A,B).
Moreover, the conventional inhibitory protein OnClINH in
MASP-mediated LP could reduce the amount of C3 fragments
(Figure 7C). Therefore, we speculated that MAp34 competes for
the binding to MBL in Nile tilapia, leading to a reduction of

MASPs binding to MBL, inhibiting the MASP-mediated LP of
complement activation.

DISCUSSION

The LP of the complement system is one of the main components
of innate immunity and plays a pivotal role in host defense
against invading microorganisms (8). MASPs are the important
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constituents of the LP, which play indispensable roles in the
activation and regulation of the proteolytic cascade reaction
(7, 8). MAp34, like MAp19, is a novel alternative splice product
of the MASP-2 gene. At present, the effect function and related
mechanism of MAp34 in the host innate immune system
remains unknown, such as the lectin complement pathway and
non-specific cell immunity. In this study, we identified and
functionally characterized homolog MAp34 for the first time
in O. niloticus. Intriguingly, the OnMAp34 functions as an
inhibitor of the lectin pathway via competitive inhibition of
OnMASPs activity. Moreover, OnMAp34 also participates in the
non-specific cellular immune defense, including the regulation
of inflammation, migration, and enhancement phagocytosis
of monocytes/macrophages.

MAp34 is a 34-kDa non-enzymatic protein produced by the
alternative splicing of the MASP-2 gene, which only contains
three domains (CUBI1-EGF-CUB2). The CUBI-EGF-CUB2
domains are responsible for the Ca’"-dependent association
of MASPs dimers with MBL or ficolins, while the CCP and
SP domains are involved in interactions and catalysis with
complement molecules (C2, C4, C3), respectively (8). OnMAp34
lacks the two CCP domains and the entire SP domain, which
has no catalytic function and is likely to be unable to interact
with complement factors. However, the OnMAp34 may involve
in interaction with the collagen-like region (CLR) of MBL and
FCNs, which plays pivotal roles in the regulation of LP (8,
17). The 3'-UTR of OnMAp34 has a typical polyadenylation
signal (AATAAA), like the OnMASP-1 and OnMAp44 (25, 29).
Moreover, OnMAp34 contains a 19-aa signal peptide and has no

transmembrane domain, indicating that it is likely to function
primarily in the extracellular environment. In addition, the
domain of MAp34 is highly conserved. We speculated that
OnMAp34 may have the similar function at that in other species.

Tissue distribution analysis showed that OnMAp34 was
predominantly expressed in the liver and widely exists in other
tissues. The result implied that the liver may be the major organ
to produce MAp34, which was similar to the finding in MASP-
1, MASP-2, and MAp19 of humans (8, 42). After pathogen
infection, the expression of OnMAp34 was remarkably enhanced
in the liver, which was consistent with other MASPs. For example,
in grass carp, the gcMASP-1 transcripts were markedly increased
in the liver post infection with A. hydrophila (27). The expression
of OnMAp44 in the liver from Nile tilapia was rapidly enhanced
after pathogen infection (25). This result implied that the liver
may be an important organ, contributing significant expression
of MASPs in host defense against pathogen invasion, including
MAp34. In teleost fish, the spleen and head kidney are very
important immune organs that play essential roles in the immune
response (43-45). The expression levels of OnMAp34 in spleen
and head kidney were significantly increased upon challenges
with S. agalactiae and A. hydrophila, which were similar to
other MASPs, such as MASP-1 and MAp44 (25, 27, 29). Further
research showed that the mRNA and protein expression levels
of OnMAp34 in hepatocytes and head kidney MO/M® were
significantly up-regulated following infection with the pathogen.
Moreover, OnMAp34 was remarkably increased in tilapia serum
by pathogen infection. Taken together, these results indicated
that OnMAp34 is induced by bacterial challenges, which is likely
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represented phagocytosis part. (B) The histogram of flow cytometric analyses of the monocytes/macrophages phagocytosing S. agalactiae and A. hydrophila
pre-incubated with PBS, Trx, or ()OnMAp34. The phagocytosis rates were shown near the marker. The results shown here were from one representative experiment
out of three independent experiments. (C,D) The total average % (phagocytic index) and the mean fluorescence intensity (MFI) of monocytes/macrophages. The
average standard deviation was obtained from three independent experiments. The symbol * shows a significant difference from control (‘o < 0.05, **p < 0.01).

to participate in host defense against bacterial infection. The
information of OnMAp34 in different tissues and its response to
immune stimulus are important in understanding their roles in
innate immunity.

In humans, studies have found that MASPs can participate
in inflammatory response (7, 8). The recombinant MASP-1 was
able to induce the release of IL-6 and IL-8 in human endothelial
cells and the chemotaxis of neutrophil granulocytes (46). A
high concentration of MASP-2 easily promotes inflammation
and proliferation, leading to tumor invasion and metastasis (47).
MAp44 is also considered to be a potentially available therapy
of inflammatory arthritis (24). In this study, the expressions of
the cytokines (IL-1B, IL-6, TNF-«, and IL-10) and chemokines
(CXCL-8, CCL3, MCP-1B, and MIF) from MO/M® were rapidly
and significantly up-regulated after (r)OnMAp34 stimulation,
which was similar to the findings in MASP-1 and MAp44 from
Nile tilapia (25, 29). Recombinant MAp34 from Cynoglossus
semilaevis could also activate peripheral blood lymphocytes and

promote the production of inflammatory cytokines, including
IL-1B, IL-6, IL-8, and TNF-a (30). Moreover, we found that
OnMAp34 could enhance the phagocytosis of pathogens by
MO/M®. As we know, MO/M® are important effector cells that
eliminate pathogenic microorganisms, which respond quickly to
invading microorganisms and exert a pivotal role in non-specific
cellular defense. The non-specific cellular immune defense is
an important component of the fish innate defense system,
including inflammation, migration, phagocytosis, and killing
(37, 48). OnMAP34 could not only involve the regulation of
inflammation and migration reaction but also enhance MO/M®-
mediated phagocytosis, thereby playing a regulatory role in host
non-specific cellular defense. Therefore, we speculate that the
non-enzyme protein MAP34 is likely to exert a role similar to
opsonins in non-specific cellular defense.

In mammals, MBL recognizes the target molecule and
interacts with the CUB1-EGF-CUB2 domain of activated MASPs
through its CLR to form MBL-MASP complexes, thereby
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standard deviation (n = 4), and significant difference is indicated by different letters (a, b, ¢, d) (o < 0.05).
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FIGURE 8 | OnMAp34 regulates the non-specific cell immunity of monocytes/macrophages and inhibits the lectin pathway of complement activation in teleost fish. A
proposed model to illustrate the novel mechanism of ONMApP34 as a potent regulator in the lectin complement pathway and non-specific cell immunity. The OnMAp34
could compete with OnMASPs to combine OnMBL and inhibit the lectin pathway of complement activation. It also participated in the non-specific cellular immune
defense, including the regulation of inflammation, migration, and enhancement phagocytosis of monocytes/macrophages. This provided innate immune regulation
against infection.

initiating a series of cascade enzymatic reactions (7, 8, 49). In conclusion, the present study demonstrated an
Recombinant MAp44 in human could compete with MASP-2  evolutionarily conserved regulator of the lectin complement
or MASP-1 for binding to MBL and FCN (50, 51). Compared  pathway in an early vertebrate, as schematically illustrated
with MASP-2, MASP-1, MASP-3, and MAp44, MAp19 has more  in Figure8. A MAp34 gene (OnMAp34) was identified
than 10-fold lower affinity for MBL, which may be caused by = from O. niloticus. After bacterial infection, the mRNA
the absence of the CUB2 domain (42). In this study, we found  and protein expressions of OnMAp34 showed significant
that OnMAp34 was able to bind significantly to OnMBL and  up-regulation in vivo and in vitro. Further, we found
also compete with OnMASP-1 for binding to OnMBL. This  that OnMAp34 could participate in non-specific cellular
result suggested that the OnMAp34 and other OnMASPs were ~ immune defense, including the regulation of inflammation,
likely to bind to the same or overlapping sites on the OnMBL.  migration, and enhancement of the phagocytosis of
Noticeably, the OnCI1INH could not be combined with OnMBL.  monocytes/macrophages. Moreover, OnMAp34 functions
As an important serine protease inhibitor, CIINH exerts a as a potent inhibitor of the lectin complement pathway
role in the regulation of lectin pathway by interacting with  via competitive inhibition of OnMASPs activity. Overall,
activated MASP-1 and MASP-2 (20, 52). However, OnMAp34  our results provide new insights into the understanding
and OnMAp44 could inhibit the lectin-activated complement of MAp34 as an important regulator in the lectin
pathway by competing with OnMASPs for binding to OnMBL,  complement pathway and non-specific cell immunity in an
which was consistent with the results of MAp44 in humans early vertebrate.

(16, 17, 50). Resent research has shown that MASP-1 and MASP-

2 are indispensable in LP activation in humans (7, 23). In human DATA AVAILABILITY STATEMENT

serum, MASP2 activation depends on MASPI1, and inhibition
of MASP-1 can permanently block the MASP-2 activity (4, 23).
Activated MASP-2 recognizes C4 or C2 through its two CCP
domains and catalyzes the SP domain to cleave complement
factors to form a C3 convertase, which in turn cleaves C3 to
initiate a subsequent series of cascade enzymatic reactions (7, ETHICS STATEMENT
8). Further, C3 is the central role in the complement system
and is indispensable for the activation of this system (53).
Therefore, the blocking of the C3 cleavage can completely
abolish the activation of the complement system. In the current
study, OnMAP34 could not recognize related serum complement
factors without a CCP domain, and only compete with other =~ AUTHOR CONTRIBUTIONS

OnMASPs to bind OnMBL, which led to the blocking of

downstream enzymatic cascades and thus potent-inhibited the ~ JY and LM conceived and designed the experiments. LM
lectin-activated complement pathway. and XY performed the experiments and analyzed the

All datasets presented in this study are included in the
article/Supplementary Material.

The animal study was reviewed and approved by University
Animal Care and Use Committee of the South China
Normal University.

Frontiers in Immunology | www.frontiersin.org 12 August 2020 | Volume 11 | Article 1706


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

Mu et al.

Function of MAp34 in O. niloticus

data. LM wrote the manuscript. HW and KH performed
Nile tilapia farming and samples collection. ZG and
JY reviewed the manuscript. All authors contributed
to the article and approved the submitted version.

FUNDING

This project was supported by National Natural Science
Foundation of China (31902396 and 31972818), Natural

REFERENCES

1. Ricklin D, Hajishengallis G, Yang K, Lambris JD. Complement: a key system
for immune surveillance and homeostasis. Nat Immunol. (2010) 11:785-97.
doi: 10.1038/ni.1923

2. Hein E, Garred P. The lectin pathway of complement and biocompatibility.
Adv Exp Med Biol. (2015) 865:77-92. doi: 10.1007/978-3-319-18603-0_5

3. Merle NS, Church SE, Fremeaux-Bacchi V, Roumenina LT. Complement
system part [-molecular mechanisms of activation and regulation. Front
Immunol. (2015) 6:262. doi: 10.3389/fimmu.2015.00262

4. Degn SE, Jensen L, Hansen AG, Duman D, Tekin M, Jensenius JC, et al.
Mannan-binding lectin-associated serine protease (MASP)-1 is crucial for
lectin pathway activation in human serum, whereas neither MASP-1 nor
MASP-3 is required for alternative pathway function. J Immunol. (2012)
189:3957-69. doi: 10.4049/jimmunol.1201736

5. Garred P, Genster N, Pilely K, Bayarri-Olmos R, Rosbjerg A, Ma Y], et al.
A journey through the lectin pathway of complement-MBL and beyond.
Immunol Rev. (2016) 274:74-97. doi: 10.1111/imr.12468

6. Pangburn MK, Rawal N. Structure and function of complement C5 convertase
enzymes. Biochem Soc Trans. (2002) 30:1006-10. doi: 10.1042/bst0301006

7. Dobo ], Pal G, Cervenak L, Gal P. The emerging roles of mannose-
binding lectin-associated serine proteases (MASPs) in the lectin
pathway of complement and beyond. Immunol Rev. (2016) 274:98-111.
doi: 10.1111/imr.12460

8. Beltrame MH, Boldt ABW, Catarino SJ, Mendes HC, Boschmann SE,
Goeldner I, et al. MBL-associated serine proteases (MASPs) and infectious
diseases. Mol Immunol. (2015) 67:85-100. doi: 10.1016/j.molimm.2015.03.245

9. Fujita T, Matsushita M, Endo Y. The lectin-complement pathway-its role
in innate immunity and evolution. Immunol Rev. (2004) 198:185-202.
doi: 10.1111/§.0105-2896.2004.0123.x

10. Ma Y], Skjoedt M, Garred P. Collectin-11/MASP complex formation triggers
activation of the lectin complement pathway-the fifth lectin pathway initiation
complex. ] Innate Immun. (2013) 5:242-50. doi: 10.1159/000345356

11. Thiel S, Vorup-Jensen T, Stover CM, Schwaeble W, Laursen SB, Poulsen K,
et al. A second serine protease associated with mannan-binding lectin that
activates complement. Nature. (1997) 386:506-10. doi: 10.1038/386506a0

12. Ambrus G, Gal P, Kojima M, Szilagyi K, Balczer ], Antal ], et al
Natural substrates and inhibitors of mannan-binding lectin-associated serine
protease-1 and—2: a study on recombinant catalytic fragments. J Immunol.
(2003) 170:1374-82. doi: 10.4049/jimmunol.170.3.1374

13. Heja D, Kocsis A, Dobo J, Szilagyi K, Szasz R, Zavodszky P, et al. Revised
mechanism of complement lectin-pathway activation revealing the role of
serine protease MASP-1 as the exclusive activator of MASP-2. Proc Natl Acad
Sci USA. (2012) 109:10498-503. doi: 10.1073/pnas.1202588109

14. Petersen SV, Thiel S, Jensen L, Vorup-Jensen T, Koch C, Jensenius JC. Control
of the classical and the MBL pathway of complement activation. Mol Immunol.
(2000) 37:803-11. doi: 10.1016/S0161-5890(01)00004-9

15. Zipfel PE, Skerka C. Complement regulators and inhibitory proteins. Nat Rev
Immunol. (2009) 9:729-40. doi: 10.1038/nri2620

16. Skjoedt MO, Hummelshoj T, Palarasah Y, Honore-Christian H, Koch C,
Skjodt K, et al. A novel mannose-binding lectin/ficolin-associated protein is
highly expressed in heart and skeletal muscle tissues and inhibits complement
activation. J Biol Chem. (2010) 11:8234-43. doi: 10.1074/jbc.M109.065805

Science  Foundation of Guangdong Province, China
(2019A1515012065), and Guangdong Provincial Special
Fund for Modern Agriculture Industry Technology Innovation
Teams (2019KJ141).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2020.01706/full#supplementary-material

17. Pavlov VI, Skjoedt MO, Siow-Tan Y, Rosbjerg A, Garred P, Stahl GL.
Endogenous and natural complement inhibitor attenuates myocardial
injury and arterial thrombogenesis. Circulation. (2012) 126:2227-35.
doi: 10.1161/CIRCULATIONAHA.112.123968

18. Thielens NM, Cseh S, Thiel S, Vorup-Jensen T, Rossi V, Jensenius JC, et al.
Interaction properties of human Mannan-binding lectin (MBL)-associated
serine proteases-1 and—2, MBL-associated protein 19, and MBL. ] Immunol.
(2001) 166:5068-77. doi: 10.4049/jimmunol.166.8.5068

19. Gregory LA, Thielens NM, Matsushita M, Sorensen R, Arlaud GJ,
Fontecilla-Camps JC, et al. The X-ray structure of human mannan-
binding lectin-associated protein 19 (MAp19) and its interaction site with
mannan-binding lectin and L-ficolin. J Biol Chem. (2004) 279:29391-7.
doi: 10.1074/jbc.M402687200

20. Matsushita M, Thiel S, Jensenius JC, Terai I, Fujita T. Proteolytic activities of
two types of mannose-binding lectin-associated serine protease. | Immunol.
(2000) 165:2637-42. doi: 10.4049/jimmunol.165.5.2637

21. Kerr FK, Thomas AR, Wijeyewickrema LC, Whisstock JC, Boyd SE,
Kaiserman D, et al. Elucidation of the substrate specificity of the MASP-2
protease of the lectin complement pathway and identification of the enzyme as
a major physiological target of the serpin, Cl-inhibitor. Mol Immunol. (2008)
45:670-7. doi: 10.1016/j.molimm.2007.07.008

22. Krarup A, Gulla KC, Gal P, Hajela K, Sim RB. The action of MBL-
associated serine protease 1 (MASP1) on factor XIII and fibrinogen.
Biochim Biophys Acta. (2008) 1784:1294-300. doi: 10.1016/j.bbapap.2008.
03.020

23. Dobo J, Schroeder V, Jenny L, Cervenak L, Zavodszky P, Gal P.
Multiple roles of complement MASP-1 at the interface of innate
immune response and coagulation. Mol Immunol. (2014) 61:69-78.
doi: 10.1016/j.molimm.2014.05.013

24. Banda NK, Mehta G, Kjaer TR, Takahashi M, Schaack ], Morrison
TE, et al. Essential role for the lectin pathway in collagen antibody-
induced arthritis revealed through use of adenovirus programming
complement inhibitor MAp44 expression. | Immunol. (2014) 193:2455-68.
doi: 10.4049/jimmunol.1400752

25. Mu L, Wu H, Han K, Wu L, Bian X, Li B, et al. Molecular and
functional characterization of a mannose-binding lectin/ficolin-associated
protein (MAp44) from Nile tilapia (Oreochromis niloticus) involved in
the immune response to bacterial infection. Dev Comp Immunol. (2019)
101:103438. doi: 10.1016/j.dci.2019.103438

26. Nakao M, Kajiya T, Sato Y, Somamoto T, Kato-Unoki Y, Matsushita
M, et al. Lectin pathway of bony fish complement: identification of
two homologs of the mannose-binding lectin associated with MASP2
in the common carp (Cyprinus carpio). ] Immunol. (2006) 177:5471-9.
doi: 10.4049/jimmunol.177.8.5471

27. Dang Y, Shen Y, Xu X, Wang S, Meng X, Li L, et al. Mannan-
binding lectin-associated serine protease-1 (MASP-1) mediates immune
responses against Aeromonas hydrophila in vitro and in vivo in grass
carp. Fish Shellfish Immunol. (2017) 66:93-102. doi: 10.1016/j.fsi.2017.
05.020

28. Mu L, Yin X, Liu J, Wu L, Bian X, Wang Y, et al. Identification
and characterization of a mannose-binding lectin from Nile tilapia
(Oreochromis  niloticus). Fish  Shellfish Immunol. (2017) 67:244-53.
doi: 10.1016/j.£51.2017.06.016

Frontiers in Immunology | www.frontiersin.org

August 2020 | Volume 11 | Article 1706


https://www.frontiersin.org/articles/10.3389/fimmu.2020.01706/full#supplementary-material
https://doi.org/10.1038/ni.1923
https://doi.org/10.1007/978-3-319-18603-0_5
https://doi.org/10.3389/fimmu.2015.00262
https://doi.org/10.4049/jimmunol.1201736
https://doi.org/10.1111/imr.12468
https://doi.org/10.1042/bst0301006
https://doi.org/10.1111/imr.12460
https://doi.org/10.1016/j.molimm.2015.03.245
https://doi.org/10.1111/j.0105-2896.2004.0123.x
https://doi.org/10.1159/000345356
https://doi.org/10.1038/386506a0
https://doi.org/10.4049/jimmunol.170.3.1374
https://doi.org/10.1073/pnas.1202588109
https://doi.org/10.1016/S0161-5890(01)00004-9
https://doi.org/10.1038/nri2620
https://doi.org/10.1074/jbc.M109.065805
https://doi.org/10.1161/CIRCULATIONAHA.112.123968
https://doi.org/10.4049/jimmunol.166.8.5068
https://doi.org/10.1074/jbc.M402687200
https://doi.org/10.4049/jimmunol.165.5.2637
https://doi.org/10.1016/j.molimm.2007.07.008
https://doi.org/10.1016/j.bbapap.2008.03.020
https://doi.org/10.1016/j.molimm.2014.05.013
https://doi.org/10.4049/jimmunol.1400752
https://doi.org/10.1016/j.dci.2019.103438
https://doi.org/10.4049/jimmunol.177.8.5471
https://doi.org/10.1016/j.fsi.2017.05.020
https://doi.org/10.1016/j.fsi.2017.06.016
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Mu et al.

Function of MAp34 in O. niloticus

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Mu L, Yin X, Wu H, Han K, Wu L, Ding M, et al. Expression and
functional characterization of a mannose-binding lectinassociated serine
protease-1 (MASP-1) from Nile tilapia (Oreochromis niloticus) in host
defense against bacterial infection. Fish Shellfish Immunol. (2019) 91:68-77.
doi: 10.1016/j.£51.2019.05.014

Li M, Li ], Sun L. CsMAP34, A teleost MAP with dual role: a promoter of
MASP-assisted complement activation and a regulator of immune cell activity.
Sci Rep. (2016) 6:39287. doi: 10.1038/srep39287

Yin X, Mu L, Bian X, Wu L, Li B, Liu J, et al. Expression and functional
characterization of transferrin in Nile tilapia (Oreochromis niloticus) in
response to bacterial infection. Fish Shellfish Immunol. (2018) 74:530-9.
doi: 10.1016/j.£51.2018.01.023

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. MEGA6: molecular
evolutionary genetics analysis version 6.0. Mol Biol Evol. (2013) 30:2725-9.
doi: 10.1093/molbev/mst197

Yang L, Bu L, Sun W, Hu L, Zhang S. Functional characterization of
mannose-binding lectin in zebrafish: implication for a lectin-dependent
complement system in early embryos. Dev Comp Immunol. (2014) 46:314-22.
doi: 10.1016/j.dci.2014.05.003

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
realtime quantitative PCR and the 2~2ACT method. Methods. (2001) 25:402-
8. doi: 10.1006/meth.2001.1262

Jung’a JO, Mitema ES, Gutzeit HO. Establishment and comparative of
different culture conditions of primary hepatocytes from Nile tilapia
(Oreochromis niloticus) as a model to study stress induction in vitro. In Vitro
Cell Dev Biol Anim. (2005) 41:1-6. doi: 10.1290/0410068.1

Zhou B, Liu C, Wang ], Lam PK, Wu RS. Primary cultured cells as sensitive
in vitro model for assessment of toxicants-comparison to hepatocytes and gill
epithelia. Aquat Toxicol. (2006) 80:109-18. doi: 10.1016/j.aquatox.2006.07.021
Mu L, Yin X, Bian X, Wu L, Yang Y, Wei X, et al. Expression and
functional characterization of collection-K1 from Nile tilapia (Oreochromis
niloticus) in host innate immune defense. Mol Immunol. (2018) 103:21-34.
doi: 10.1016/j.molimm.2018.08.012

Barnes AC, Guyot C, Hansen BG, Horne MT, Ellis A. Antibody
increases phagocytosis and killing of Lactococcus garvieae by rainbow trout
(Oncorhynchus mykiss, L.) macrophages. Fish Shellfish Immunol. (2002)
12:181-6. doi: 10.1006/fsim.2001.0372

Smith NC, Christian SL, Taylor RG, Santander ], Rise ML. Immune
modulatory properties of 6-gingerol and resveratrol in Atlantic salmon
macrophages. Mol Immunol. (2018) 95:10-19. doi: 10.1142/10755

WeiH, Yin L, Feng S, Wang X, Yang K, Zhang A, et al. Dual-parallel inhibition
of IL-10 and TGF-B1 controls LPS-induced inflammatory response via NF-
kB signaling in grass carp monocytes/macrophages. Fish Shellfish Immunol.
(2015) 44:445-52. doi: 10.1016/j.fs1.2015.03.023

Petersen SV, Thiel S, Jensen L, Steffensen R, Jensenius JC. An assay for
the mannan-binding lectin pathway of complement activation. ] Immunol
Methods. (2001) 257:107-16. doi: 10.1016/S0022-1759(01)00453-7

Degn SE, Thiel S, Nielsen O, Hansen AG, Steffensen R, Jensenius JC. MAp19,
the alternative splice product of the MASP2 gene. ] Immunol Methods. (2011)
373:89-101. doi: 10.1016/j.jim.2011.08.006

43.

44,

45.

46.

47.

48.

49.

51.

52.

53.

Mebius RE, Kraal G. Structure and function of the spleen. Nat Rev Immunol.
(2005) 5:606-16. doi: 10.1038/nri1669

Uribe C, Folch H, Enriquez R, Moran G.
immunity in teleost fish: a review. Vet Med.
doi: 10.17221/3294-VETMED

Geven EJW, Klaren PHM. The head kidney: integrating
thyroid and immune signaling. Dev Comp Immunol. (2017) 66:73-83.
doi: 10.1016/j.dci.2016.06.025

Jani PK, Kajdacsi E, Megyeri M, Dobo J, Doleschall Z, Futosi K, et al. MASP-
1 induces a unique cytokine pattern in endothelial cells: a novel link between
complement system and neutrophil granulocytes. PLoS ONE. (2014) 9:¢87104.
doi: 10.1371/journal.pone.0087104

Ytting H, Christensen IJ, Thiel S, Jensenius JC, Nielsen HJ. Pre-and
postoperative levels in serum of mannan-binding lectin associated serine
protease-2-a prognostic marker in colorectal cancer. Hum Immunol. (2008)
69:414-20. doi: 10.1016/j.humimm.2008.05.005

Lin H. Fish Physiology: The Non-Specific Cellular Immune Defense
Mechanisms. Guangzhou: Sun Yat-sen University Press (2011). p. 375-80.
Teillet F Gaboriaud C, Lacroix M, Martin L, Arlaud GJ, Thielens NM.
Crystal structure of the CUB1-EGF-CUB2 domain of human MASP-1/3 and
identification of its interaction sites with mannan-binding lectin and ficolins.
] Biol Chem. (2008) 283:25715-24. doi: 10.1074/jbc.M803551200

Innate and adaptive
(2011) 56:486-503.

teleost

. Degn SE, Hansen AG, Steffensen R, Jacobsen C, Jensenius JC, Thiel S.

MAp44, a human protein associated with pattern recognition molecules of
the complement system and regulating the lectin pathway of complement
activation. | Immunol. (2009) 183:7371-8. doi: 10.4049/jimmunol.
0902388

Degn SE, Jensen L, Olszowski T, Jensenius JC, Thiel S. Co-complexes
of MASP-1 and MASP-2 associated with the soluble pattern-recognition
molecules drive lectin pathway activation in a manner inhibitable by MAp44.
J Immunol. (2013) 191:1334-45. doi: 10.4049/jimmunol.1300780

Thiel S. Complement activating soluble pattern recognition molecules
with collagen-like regions, mannan-binding lectin, ficolins and associated
proteins. Mol Immunol. (2007) 44:3875-88. doi: 10.1016/j.molimm.2007.
06.005

Sahu A, Lambris JD. Structure and biology of complement protein C3, a
connecting link between innate and acquired immunity. Immunol Rev. (2001)
180:35-48. doi: 10.1034/j.1600-065X.2001.1800103.x

Conlflict 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.

Copyright © 2020 Mu, Yin, Wu, Han, Guo and Ye. 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

14

August 2020 | Volume 11 | Article 1706


https://doi.org/10.1016/j.fsi.2019.05.014
https://doi.org/10.1038/srep39287
https://doi.org/10.1016/j.fsi.2018.01.023
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1016/j.dci.2014.05.003
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1290/0410068.1
https://doi.org/10.1016/j.aquatox.2006.07.021
https://doi.org/10.1016/j.molimm.2018.08.012
https://doi.org/10.1006/fsim.2001.0372
https://doi.org/10.1142/10755
https://doi.org/10.1016/j.fsi.2015.03.023
https://doi.org/10.1016/S0022-1759(01)00453-7
https://doi.org/10.1016/j.jim.2011.08.006
https://doi.org/10.1038/nri1669
https://doi.org/10.17221/3294-VETMED
https://doi.org/10.1016/j.dci.2016.06.025
https://doi.org/10.1371/journal.pone.0087104
https://doi.org/10.1016/j.humimm.2008.05.005
https://doi.org/10.1074/jbc.M803551200
https://doi.org/10.4049/jimmunol.0902388
https://doi.org/10.4049/jimmunol.1300780
https://doi.org/10.1016/j.molimm.2007.06.005
https://doi.org/10.1034/j.1600-065X.2001.1800103.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	MAp34 Regulates the Non-specific Cell Immunity of Monocytes/Macrophages and Inhibits the Lectin Pathway of Complement Activation in a Teleost Fish
	Introduction
	Materials and Methods
	Animals
	Immunization and Sample Collection
	Cloning and Analysis of OnMAp34
	Quantitative Real-Time PCR
	Isolation of Hepatocytes and Monocytes/Macrophages
	Expression and Purification of OnMA34
	Preparation of Mouse Polyclonal Antibodies
	Immunofluorescence Identification of OnMAp34
	ELISA to Determine OnMAp34 Concentration
	Expression Analysis of Inflammatory Cytokines and Chemokines
	Assessment of Phagocytosis
	Binding of (r)OnMAp34 to OnMBL
	Competitive Binding of OnMAp34 and OnMASP-1 to OnMBL
	Effect of OnMAps on LP
	Statistical Analysis

	Result
	Sequence Analysis of OnMAp34
	Tissue Distribution of OnMAp34
	Expression Patterns of OnMAp34 After Immune Challenge
	Expression and Purification of OnMAp34
	Expression Dynamics of OnMAp34 in vivo and in vitro
	Effects of OnMAp34 on Inflammatory and Migration Reaction
	OnMAp34 Promotes Phagocytosis
	OnMAp34-Mediated Inhibition of OnMASP-1 Binding to OnMBL
	OnMAps Down-Regulates MASP-Mediated LP

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


