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Different morphologies have been detected in teleost macrophages. In this study, two
macrophage cell lines were sub-cloned from a large yellow croaker head kidney cell line,
LYCK. One type of sub-cloned cells was fusiform but the other was round, named LYC-
FM and LYC-RM cells respectively, based on their morphologies. Both types showed the
characteristics of macrophages, including expression of macrophage-specific marker
genes, possession of phagocytic and bactericidal activities, and production of reactive
oxygen species (ROS) and nitric oxide (NO). The transcription factor PU.1, crucial for the
development of macrophages in mammals, was found to exist in two transcripts, PU.1a
and PU.1b, in large yellow croaker, and constitutively expressed in LYC-FM and LYC-RM
cells. The expression levels of PU.1a and PU.1b could be upregulated by recombinant
large yellow croaker IFN-g protein (rLcIFN-g). Further studies showed that both PU.1a and
PU.1b increased the expression of cathepsin S (CTSS) by binding to different E26
−transformation−specific (Ets) motifs of the CTSS promoter. Additionally, we
demonstrated that all three domains of PU.1a and PU.1b were essential for initiating
CTSS expression by truncated mutation experiments. Our results therefore provide the
first evidence that teleost PU.1 has a role in regulating the expression of CTSS.

Keywords: Large yellow croaker (Larmichthys crocea), macrophage, PU.1, cathepsin S, IFN-g
INTRODUCTION

Macrophages, the first line of innate responders controlling and organizing host defense against
pathogens, are found across all vertebrate species and reside in virtually all animal tissues (1, 2).
They are essential for maintaining the balance of the immune system, repairing injured tissue, and
eliminating invading pathogens (3). Macrophages are able to discriminate self from non-self, sense
tissue damage, and recognize invading pathogens (3). When pathogens invade, macrophages can
rapidly kill them by engulfment and production of reactive oxygen intermediates and nitric oxide
synthase-2 (NOS2)-dependent reactive nitrogen intermediates, phagolysosomal acidification, and
restriction of nutrient availability (2).

Primary macrophages have been isolated in several bony fish, including rainbow trout
(Oncorhynchus mykiss) (4), Atlantic salmon (Salmo salar) (4), Atlantic cod (Gadus morhua L.) (5),
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goldfish (Carassius auratus L.) (6), common carp (Cyprinus
carpio) (7), hogchoker (Tminectes maculatus) (8), dab (Limanda
limanda, L.) (9), rohu (Labeo rohita) (10, 11), half smooth tongue
sole (Cynoglossus semilaevis) (12), and large yellow croaker
(Larmichthys crocea) (13). Meanwhile, macrophage cell lines
have been established in rainbow trout (14), goldfish (15), catla
(Catla catla) (16), rohu (17), and large yellow croaker (18). It is
worth noting that primary macrophages or macrophage cell lines
in bony fish exhibit diverse morphologies, including round,
fusiform, and spreading shapes. For example, both goldfish
primary macrophages and macrophage cell lines are round
(6, 15), whereas a fusiform morphology is found either in
primary macrophages or in macrophage cell lines in rohu (10).
Furthermore, rainbow trout macrophages have round and
spreading morphologies in both primary macrophages and
macrophage cell lines (14, 19).

PU.1, encoded by the Spi1 gene, is a member of the E26
−transformation−specific (Ets) family of transcription factors. It is
selectively expressed in hematopoietic tissues and essential for the
development and maturation of myeloid (granulocytes and
monocytes/macrophages) and lymphoid cells (20). It has been
demonstrated that PU.1 is abundantly expressed in terminally-
differentiated macrophages and dendritic cells (DC), and is
necessary for the development of macrophages (21). In addition,
some cytokine receptors involved in the development of monocytes,
such as macrophage colony-stimulating factor receptor (M-CSFR),
granulocyte colony-stimulating factor receptor (G-CSFR),
granulocyte macrophage colony-stimulating factor receptor (GM-
CSFR), and interleukin-7 receptor (IL-7R), can be regulated by PU.1
(20, 22). Moreover, PU.1 can control the proliferation of
macrophages by upregulating M-CSFR (23). PU.1 also serves as an
important factor in macrophage maturation by regulating the
expression levels of genes that are involved in cell differentiation (24).

PU.1 contains three functional domains: a transactivation
domain, a PEST domain, and an ETS domain. The
transactivation domain is required for the M-CSF-dependent
proliferation of macrophages (23). The PEST domain is rich in
proline (P), glutamic acid (E), serine (S) and threonine (T)
residues, and is involved in controlling protein stability and
proteolytic degradation (25). The ETS domain is responsible for
the binding of PU.1 to the Ets motif [(G/A)GAA] within the
promoter of its target genes (26).

Cathepsin S (CTSS) is a member of the cysteine proteases that
mediate the proteolysis of endocytosed polypeptides (27). It is
mainly expressed in antigen presenting cells (APCs), including B
cells, dendritic cells, and macrophages. The expression level of CTSS
can be upregulated by IFN-g through PU.1 binding to its promoter
(28, 29). It has been demonstrated that cells constitutively
expressing CTSS also exhibit high expression levels of PU.1 (28).
In our previous study, we demonstrated that CTSS was
constitutively expressed in primary kidney macrophage (PKM)
and LYCK cells in the large yellow croaker (Larimichthys crocea)
(30). Whether these cells expressed PU.1 is still unclear. Thus, it is
necessary to explore the relationship between PU.1 and CTSS in this
species. This will be helpful for clarifying the function of PU.1 in
bony fish macrophages.
Frontiers in Immunology | www.frontiersin.org 2
In this study, two types of cells were isolated from LYCK cells
via a limiting dilution assay. One type displayed a fusiform
morphology, and the other type had a round morphology; these
were named LYC-FM and LYC-RM cells, respectively. Both
types showed the characteristics of macrophages, including the
expression of macrophage-specific marker genes, possession of
phagocytic and bactericidal activities, and production of reactive
oxygen species (ROS) and nitric oxide (NO). Thereafter, two
transcripts of PU.1 gene (PU.1a and PU.1b) were cloned, and
both were detected in LYC-FM and LYC-RM cells. Both PU.1a
and PU.1b could upregulate CTSS expression by binding to the
different Ets motifs of its promoter. Additionally, we
demonstrated that each of the three domains of PU.1a and
PU.1b were essential for induction of CTSS expression by
using truncated mutation experiments. Our results provide the
first evidence for an immunoregulatory role of teleost PU.1 on
CTSS expression.
MATERIALS AND METHODS

Establishment of Macrophage Cell Lines
To establish macrophage cell lines from LYCK cells, a limiting
dilution assay was used. Briefly, a series of double dilutions
was carried out to dilute the original 5×104 cells into 16
concentration gradients, and then cells in every concentration
gradient were seeded in 96-well plates (Guangzhou Jet Bio-
Filtration Co., Ltd.) with 200 ml complete L-15 medium (L-15
medium [Gibco] supplemented with 2.2 g/L NaCl, 0.66 g/L
HEPES, 100 U/mL penicillin, 100 mg/mL streptomycin and
10% fetal bovine serum [Gibco]) and cultured at 28°C. Ten
days later, single or nearly single clones were selected, and the
medium was replaced with fresh complete L-15 medium. Cells in
selected wells at about 80% density were harvested, and a new
series of double dilutions was performed as described above.
Single clones in the second dilution plate were selected and
cultured, and cell morphology was observed under a microscope
(Nikon). Subsequently, macrophage-specific marker genes
reported in murine animals and other teleost fish were
examined by real-time PCR in LYC-FM and LYC-RM cells as
well as in PKM. The methods for PKM isolation were the same as
our previously study (31). Briefly, head kidney tissue from large
yellow croaker was passed through 70 mm nylon mesh and
suspended in L-15 medium (Gibco), and cell suspensions were
layer onto a 34/51% discontinuous Percoll (GE Healthcare)
density gradient and centrifuged at 650 × g for 30 min. The
band of leukocytes lying at the interface was collected and put on
culture dish for 2 h at 28°C. After cell attachment, the attached
macrophages were digested with trypsin (Gibco) and suspended
in L-15 medium. The purity of primary kidney macrophages was
identified based on Wright-Giemsa staining.

Wright-Giemsa Staining
Wright-Giemsa staining was performed with a Wright-Giemsa
Stain Kit (Nanjing Jiancheng Bioengineering Institute) according
to the manufacturer’s instructions, with minor modifications.
January 2022 | Volume 12 | Article 819029
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Briefly, 5×105 cells were put on a slide, and about 100 ml solution
R1 was added to the slide. After one minute, 200 ml of solution R2
was added for another five minutes’ reaction. Then, ultrapure
water was added and mixed, followed by 30 s of staining. Finally,
the stained cells were observed under a microscope (Nikon).

Phagocytosis Assay
A total of 2×105 cells in 500 ml L-15 incomplete medium (L-15
medium supplemented with 2.2 g/L NaCl, 0.66 g/L HEPES, 100
U/mL penicillin, and 100 mg/mL streptomycin) were added to
24-well plates (Guangzhou Jet Bio-Filtration Co., Ltd.) that were
previously plated with fluorescent beads (FluoSpheres™

carboxylate, 1 mm, red, Life Technologies Corporation) by
centrifugation at 2,500 × g for 5 min at a cell:bead ratio of
1:50. After incubation at 28°C for 10 h, non-ingested beads were
removed by centrifugation (100 × g for 10 min at 4°C) over a
cushion of 3% (weight/volume) BSA (Thermo Scientific) in PBS
supplemented with 4.5% D-glucose (Sigma-Aldrich). After three
washes, cells were suspended in 200 ml PBS, followed by
observation under a fluorescence microscope (Nikon).
Phagocytic activity and mean fluorescence intensity (MFI)
were detected using a BD Accuri™ C6 Plus Flow Cytometer
(BD Biosciences). Phagocytic activity was expressed as the
percentage of cells that ingested beads.

Bacterial Killing Assay
To detect the bacterial killing activity of isolated cells to
Pseudomonas plecoglossicida, an in vitro bacterial killing assay
was performed. The P. plecoglossicida used in this study was
separated from affected large yellow croaker and were preserved
in our laboratory, as described in a previous study (32).
Macrophages were treated with long-phase P. plecoglossicida at
a multiplicity of infection (MOI) of 50 and were incubated for
1 h, and non-engulfed P. plecoglossicida were removed by
washing with sterile PBS. One group of engulfed cells was
lysed in 1% Triton X-100 solution and plated onto tryptic soy
agar plates (the uptake group). The other group of engulfed cells
were incubated for another 1.5 h with complete L-15 medium
supplemented with 100 mg/mL gentamicin (Amresco) (the
killing group). The cells were collected, lysed in 1% Triton X-
100 solution, and plated onto tryptic soy agar plates. Colonies of
viable bacteria were counted after 18 h incubation at 28°C, and
the survival rates of bacteria were represented as percentages of
colonies in the killing group/colonies in the uptake group.

Cellular ROS Activity
The level of ROS was measured with a 2,7-dichlorofluorescin
diacetate (DCFH-DA) cellular ROS assay kit (Beyotime
Biotechnology, China) according to the manufacturer’s
instructions with some modifications. Isolated cells (105 cells/
well) in 96-well plates were stained with 100 ml diluted DCFH-
DA for 30 min at 28°C in the dark. The DCF fluorescence
intensity of 5000 cells was read using a fluorescence microplate
reader (GloMax Discover, Promega) with an excitation
wavelength of 475 nm and an emission wavelength of 500–550
nm. ROS activity was represented as DCF fluorescence intensity.
To detect ROS activity after stimulation, 105 cells/well in 96-well
Frontiers in Immunology | www.frontiersin.org 3
plates (Guangzhou Jet Bio-Filtration Co., Ltd.) were incubated
with 1 mg/mL recombinant large yellow croaker IFN-g protein
(rLcIFN-g) or recombinant Trx protein (rTrx) (as a control) at
28°C for 6 h. Proteins used in this study were the same as in our
previously study (31). Briefly, the DNA fragment encoding
mature peptide of large yellow croaker IFN-g was inserted into
a pET32a (+) plasmid (Novangen) with a 6 × His tag. The
resulting recombinant plasmid pET-IFN-g was used to express
recombinant large yellow croaker IFN-g in E. coli BL21 Star
(DE3) competent cells (Invitrogen). The rLcIFN-g was purified
using a Ni-NTA Superflow resin (Qiagen) and preserved in PBS
(pH = 7.4). After incubation, cells were stained, and the DCF
fluorescence intensity of 5000 cells was read. Relative ROS
activity was calculated as percentage of the value for the
rLcIFN-g well/rTrx well.

Nitric Oxide Assay
The level of nitric oxide (NO) was measured by the Griess assay
using a nitric oxide detection kit (Beyotime Biotechnology,
China) according to the manufacturer’s instructions. In the
assay, 105 cells were cultured in 96-well plates (Guangzhou Jet
Bio-Filtration Co., Ltd.) under normal conditions; the
supernatants were harvested, and NO concentrations were
measured. Absorbance values at 540 nm were acquired with
Infinite M Nano (Tecan), and NO concentration was determined
using a sodium nitrite standard curve. To detect the level of NO
after stimulation, 105 cells/well in 96-well plates were cultured
and treated with 1 mg/mL rLcIFN-g or rTrx protein (as a control)
at 28°C. After 48 h, cell supernatants were collected, and NO
concentrations were measured. Relative NO concentration was
calculated as the percentage of the value for rLcIFN-g protein per
well/rTrx protein per well.

Cloning and Sequence Analysis of the
Large Yellow Croaker PU.1 Gene
Based on the transcript sequences of PU.1 gene from the large
yellow croaker genome database [ (33, 34); GenBank accession
No. XM_010748147 and XM_010748148], primers PU1-F and
-R (see Table S1) were designed for amplification of the open
reading frame (ORF) of large yellow croaker PU.1 protein. The
PCR products were cloned and sequenced at Sangon Biotech
(Shanghai) Co., Ltd. Multiple sequence alignments of
corresponding amino acid sequences of the obtained PU.1 was
performed with ClustalW (Version 1.83) and shaded using the
GeneDoc program. Protein identification was conducted using
the Expert Protein Analysis System (http://www.expasy.org/
tools/), and the signal peptide was predicted using the SignalP
program (http : / /www.cbs .dtu.dk/services/S ignalP/) .
Phylogenetic trees were constructed by the neighbor-joining
(NJ) method using the MEGA program (version 5.05) and
with 1000 bootstrap replicates.

Expression Levels of Large Yellow
Croaker PU.1 in Macrophages
To know the expression levels of PU.1 in macrophages under
normal conditions, PKM, LYC-FM, or LYC-RM cells were
January 2022 | Volume 12 | Article 819029
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collected. Total RNA was extracted using Eastep Super Total
RNA Extraction Kit (Promega), and first-strand cDNA was
synthesized from the total RNA by using an Eastep RT Master
Mix (Promega). Quantitative real-time PCR (qRT-PCR) was
performed with the gene-specific primers (see Table S1). The
reactions were conducted in duplicate and each 10 ml reaction
volume contained 2 ml cDNA template, 5 ml SYBR qPCR master
mix (Vazyme Biotech Co., Ltd.), and 0.25 ml of each forward and
reverse primer (10 mM). The amplification profile was analyzed
using Quant Studio 5 (Applied Biosystems). Gene expression
levels were normalized to that of b-actin.
Plasmid Construction
The ORFs of PU.1a and PU.1b of large yellow croaker were
cloned into the EcoRI site of pCMV-Flag-MAT-Tag1 (Sigma-
Aldrich) using the primers PU1-F1/-R1. Primers PU1-F2/-R1,
PU1-F1/-R2/-F3/-R1, and PU1-F1/-R3 were used to amplify the
three PU.1 mutants, and then the mutants were cloned into the
EcoRI site of pCMV-Flag-MAT-Tag1 (Sigma-Aldrich). For
promoter activity analysis, the promoter fragment of the large
yellow croaker CTSS gene was cloned into the KpnI and HindIII
sites of pGL3-Basic vector (Promega). Primers used for plasmid
construction are listed in Table S1.

Cell Transfection
EPC and LYC-FM cells were cultured at 28°C in L-15 medium
supplemented with 15% FBS. HEK 293T cells were maintained at
37°C, 5.0% CO2 in DMEM medium supplemented with 10%
FBS. For EPC cells transfection, the cells were seeded in 24-well
plates overnight and transfected with about 1 mg plasmids
suspended in 2 ml of FUGUN HD transfection reagent
(Promega) and 100 ml of OPTI-MEM 1 Reduced Serum
Medium (Invitrogen). For LYC-FM cells transfection, 5×106

cells with 2 mg plasmids were transfected using a LONZA
Nucleofector 2B Device according to the manufacturer’s
instructions. Protein expression was measured by Western blot
analysis as described previously (35). For the chromatin
immunoprecipitation (ChIP) assay, HEK 293T cells seeded in
9-cm dishes were co-transfected with 5 mg Flag-tag plasmids and
5 mg relative promoter constructions. Cells were harvested after
48 h, and cell lysates were immunoprecipitated with anti-Flag-
Agose beads (Beyotime Biotechnology, China). Then the
immunoprecipitates were analyzed by semi-quantitative PCR.

Luciferase Activity Assay
EPC cells were seeded in 24-well plates, and co-transfected with
500 ng luciferase reporter plasmids, 500 ng PU.1 plasmids, and
10 ng PRL-TK vector (Promega). Forty-eight hours after
transfection, cells were harvested and luciferase activities were
measured by a Dual-Luciferase Reporter Assay System
(Promega) according to the manufacturer’s instructions.
Luciferase activities were measured by GloMax Discover
(Promega) and normalized to the Renilla luciferase activity.
The means of three independent experiments were used for
statistical analysis.
Frontiers in Immunology | www.frontiersin.org 4
Chromatin Immunoprecipitation Assay
The ChIP assay was performed using a ChIP Assay Kit
(Beyotime Biotechnology, China) according to the
manufacturer’s instructions with a minor modification. Briefly,
HEK 293T cells were co-transfected with promoter plasmids and
PU.1 plasmids, and 270 ml of 37% formaldehyde was added to 10
mL media for crosslinking of intracellular protein-DNA
complexes. The cells were incubated for 10 min at room
temperature, and then 0.125 M glycine was added to the
medium to quench unreacted formaldehyde. The medium was
discarded; the cells were washed twice with cold PBS, scraped
into microfuge tubes, centrifuged at 4°C, and lysed with 1 mL of
SDS Lysis Buffer. Cell lysates were disrupted by Vibra-Cell
Ultrasonic Liquid Processors (Qsonica). After being
centrifuged at 4°C for 10 min, 100 ml of sheared cross-linked
chromatin was added into the tube containing 900 µl of Dilution
Buffer. To remove protein-DNA complexes that may bind
nonspecifically to agarose, 60 ml of Protein A+G Agarose/
Salmon Sperm DNA was added. The mixtures were
centrifuged, and 10 ml of the supernatant was collected as
input, while the remaining supernatants were incubated with
anti-Flag-Agarose (Beyotime Biotechnology, China) overnight at
4°C. Immunoprecipitated Flag-tagged protein-DNA complexes
were washed with Low Salt Immune Complex Wash Buffer, High
Salt Immune Complex Wash Buffer, LiCl Immune Complex
Wash Buffer, and TE Buffer. Then, 100 µl of Elution Buffer was
added to each tube containing the Flag-tagged protein-DNA
complex for 15 min and the supernatants were collected. The
collected immunoprecipitates and inputs were treated with 5 M
NaCl at 65°C for 4–5 h, 1 µl RNase A at 37°C for 30 min, and a
solution containing 4 µl 0.5 M EDTA, 8 µl 1 M Tris-HCl and 1 µl
proteinase K was added and incubated at 45°C for 2 h. The DNA
was purified using a PCR Purification Kit (Beyotime
Biotechnology, China), and semi-quantitative PCR was used to
analyze promoter DNA using specific primers (Table S1).

Statistics Analysis
Statistical analysis was carried out by one-way analysis of variance
(ANOVA) with Dunnett’s post hoc test (SPSS Statistics, Version
20). All experiments were repeated at least three times. A p value <
0.05 was considered statistically significant.
RESULTS

Macrophage Cell Lines Establishment
Using the limit dilution method, single cells were sub-cloned from
LYCK cells for establishment of high purity cell lines. We screened
eight single clonal wells and found two types of cells. As shown in
Figure 1A, one cell line had fusiform morphology and the other
type had round morphology. The fusiform cells were
morphologically similar to the macrophages in rohu (17, 36) and
catla (16), while the round cells were similar to the macrophages in
goldfish (6, 15) and primary macrophages in large yellow croaker
(13, 37). According to their shapes, these two sub-cloned cells were
named LYC-FM and LYC-RM cells, respectively. Based on the
January 2022 | Volume 12 | Article 819029
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similar morphologies to the macrophages observed in other teleost
fish, we hypothesized that these two sub-cloned cells may be
macrophages. Then, we tested macrophage-specific marker genes
reported in murine animals and other teleost fish, including F4/80,
CD11b, CD68, CSF-1R, MPEG1, and LYZ. As shown in Figure 1B,
all detected macrophage marker genes were expressed in LYC-FM
and LYC-RM cells. These results were consistent with those in
PKM, indicating that the two cell lines sub-cloned here were
macrophages. To further confirm the sub-cloned cell types,
Wright-Giemsa staining was applied. Both LYC-FM and LYC-
RM cells displayed characteristics associated with those of
macrophages, with a claret-colored nucleus and blue cytoplasm
(Figure 1C). The nuclei of LYC-FM cells showed a crescent-shaped
morphology and were larger than those of LYC-RM cells.
Compared with LYC-FM cells, LYC-RM cells were larger than in
diameter, and contained a round nucleus and greater amount of
cytoplasm. The morphology of LYC-RM cells was closer to that of
primary macrophages in large yellow croaker as previously reported
(31). All these results indicated that the sub-cloned single cell lines
were the macrophages with different morphologies in large
yellow croaker.

Functions of Macrophage Cell Lines
To detect whether LYC-FM cells or LYC-RM cells had
phagocytic activity, a fluorescent bead ingestion experiment
was conducted. Internalization of beads by LYC-FM and LYC-
RM cells was confirmed by immunofluorescence microscopy
(Figure 2A). Thereafter, we analyzed the percentage and mean
fluorescence intensity (MFI) of phagocytic cells. A higher
percentage of phagocytosis was found within the LYC-FM cells
(78.4% of the cells ingested beads) compared with LYC-RM cells
(70.5% of the cells ingested beads) (Figures 2B, C). In contrast,
the phagocytic capacity of LYC-RM cells was significantly higher
than that of LYC-FM cells, since a higher MFI was found in
Frontiers in Immunology | www.frontiersin.org 5
LYC-RM cells (~83,000) compared with LYC-FM cells
(~60,000) (Figure 2D).

To determine whether LYC-FM and LYC-RM cells had
bactericidal activity, colonies of viable bacteria were counted
after co-cultivation of P. plecoglossicida and cells. As shown in
Figure 3A, both LYC-FM and LYC-RM cells had bactericidal
activity, and LYC-RM cells had a stronger bactericidal activity than
LYC-FM cells (54.1% vs. 41.8%). Fish macrophages can destroy the
invading pathogens via generation of ROS such as superoxide and
its metabolites (38, 39). We next detected ROS production in LYC-
FM and LYC-RM cells under normal conditions. As shown in
Figure 3B, the ROS activity in LYC-RM cells was significantly
higher than that in LYC-FM, as a higher DCF fluorescence
intensity was found in LYC-RM cells (~774) compared with
LYC-FM cells (~197). NO is important for macrophages to kill
bacteria, and rLcIFN-g can induce the release of NO in large yellow
croaker primary macrophages (31). To investigate whether LYC-
FM and LYC-RM cells produced NO, we next detected the NO
levels in LYC-FM and LYC-RM cells under normal conditions. As
shown in Figure 3C, both LYC-FM and LYC-RM cells could
release NO under normal conditions, similar to the results
observed in large yellow croaker primary macrophages (31). To
determine whether ROS and NO production in LYC-FM and
LYC-RM cells can be induced, changes in ROS and NO levels were
analyzed in rLcIFN-g-treated LYC-FM and LYC-RM cells. As
shown in Figures 3D, E, ROS and NO production in LYC-FM
and LYC-RM cells could be enhanced by rLcIFN-g compared with
the rTrx-treated cells, with a higher ROS level in LYC-RM cells
than in LYC-FM cells.

Molecular Characterization of Large
Yellow Croaker PU.1a and PU.1b
Two transcripts of PU.1 gene were identified in large yellow
croaker, and their ORFs were 777 and 702 bp, encoding 258
A B

C

FIGURE 1 | Morphologies and Wright-Giemsa staining of LYC-FM and LYC-RM cells. (A) LYC-FM and LYC-RM cells were observed under ordinary optics
microscope. Left panel: original magnification ×10; right panel: original magnification ×20. (B) Macrophage-specific marker genes were detected in PKM, LYC-FM
and LYC-RM cells by semi-quantitative PCR. (C) Wright-Giemsa staining of LYC-FM and LYC-RM cells. Cells were harvested, put on slide, and stained with Wright-
Giemsa reagents. Then cell morphology was observed under ordinary optics microscope.
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A B

C D

FIGURE 2 | Phagocytosis by LYC-FM and LYC-RM cells with fluorescent latex beads. (A) Immunofluorescence microscopy of LYC-FM and LYC-RM cells
incubated in vitro with 1 mm red fluorescent latex beads. (B) Phagocytosis of 1 mm red fluorescent latex beads by LYC-FM and LYC-RM cells. LYC-FM and LYC-RM
cells were incubated in vitro with beads for 10 h, and then bead phagocytosis was thereafter measured by flow cytometry. Figure shows histograms of cell number
versus fluorescence intensity representative of uptake activity. Increased peak fluorescence denotes more ingested fluorescent beads. Phag-, non-phagocytic cells;
Phag+, phagocytic cells. (C, D) Percentage and mean fluorescence intensity of phagocytes in LYC-FM and LYC-RM cells. Data are representative of three
independent experiments (mean ± SEM). (*p < 0.05).
A B

D E

C

FIGURE 3 | Functions of LYC-FM and LYC-RM cells. (A) Bacterial killing ability to P. plecoglossicida. LYC-FM or LYC-RM cells were treated with P. plecoglossicida
at a MOI of 50 for 1 h alone (the uptake group) or additional 1.5 h (the killing group), and survival rates were presented as percentage of the colonies in the killing
group/colonies in the uptake group. (B) ROS activity in LYC-FM and LYC-RM cells. Cells were harvested under normal conditions and stained with 2,7-
dichlorofluorescin diacetate. The fluorescence intensities of the cells were read using a fluorescence microplate reader, and ROS activity was represented as DCF
fluorescence intensity. (C) Nitrite oxide activity in LYC-FM and LYC-RM cells. Cells were cultured under normal condition and supernatants were harvested. NO
concentrations were measured using the Griess reaction. (D, E) The rLcIFN-g protein induced the expression of ROS and NO. Data are representative of three
independent experiments (mean ± SEM) (*p < 0.05).
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and 233 amino acids, respectively, tentatively named PU.1a and
PU.1b. Both of them contained a transactivation domain, a PEST
domain, and an ETS domain, based on SMART program
prediction. PU.1a shared 56.86% identity to human PU.1,
whereas PU.1b shared only 53.54% identity (Figure 4A).
Phylogenetic analysis further indicated that all fish PU.1
molecules, including PU.1a and PU.1b, were grouped together
and clustered with the PU.1molecules from higher vertebrates, but
were separated from SPI-B and SPI-C (Figure 4B), indicating that
the PU.1a and PU.1b cloned here were two transcripts of PU.1.

Expression Patterns of PU.1a and PU.1b
in Macrophages
The expression levels of PU.1a and PU.1b were examined in
macrophages using qRT-PCR. To investigate the expression
levels of PU.1a and PU.1b in macrophages, PKM, LYC-FM,
and LYC-RM cells under normal condition were collected and
their mRNA expression levels were detected. As shown in
Figure 5, both PU.1a and PU.1b were constitutively expressed
in PKM, LYC-FM, and LYC-RM cells, and the expression level of
PU.1a was significantly higher than that of PU.1b.

IFN-g, PU.1a, and PU.1b Induced
CTSS Expression
In mammals, CTSS expression can be induced by IFN-g through
PU.1 (22). To investigate whether a similar mechanism is also
present in large yellow croaker, the rLcIFN-g-treated LYC-FM
cells were used as a model to analyze the expression changes of
PU.1a, PU.1b, and CTSS. As shown in Figure 6A, the expression
levels of PU.1a, PU.1b, and CTSS all were upregulated by the
Frontiers in Immunology | www.frontiersin.org 7
rLcIFN-g. Then, we explored whether PU.1a and PU.1b could
induce the expression of CTSS. Because LYC-FM cells had a
higher growth rate than LYC-RM cells, we used LYC-FM cells as
a model to analyze expression changes of CTSS under
overexpression of PU.1a or PU.1b. Western blot analysis
showed that PU.1a and PU.1b could overexpressed in
recombinant plasmid-transfected LYC-FM cells (Figure 6B). It
was found that overexpression of both PU.1a and PU.1b could
significantly increase the expression level of CTSS (at 48 h), and
PU.1b was more potent than PU.1a in upregulating CTSS
expression (Figure 6C).

PU.1a and PU.1b Bind to the CTSS
Promoter to Initiate Its Expression
The aforementioned results suggested that IFN-g may induce the
expression of CTSS via PU.1a and PU.1b, and thus it was
necessary to determine whether these two transcription factors
could activate the promoter of CTSS. As shown in Figure 7A, both
PU.1a and PU.1b could activate the promoter activity of CTSS. To
verify that PU.1a and PU.1b directly promoted CTSS expression,
ChIP assays were performed. Empty vector, PU.1a or PU.1b-
containing plasmids, and CTSS promoter were co-transfected into
HEK 293T cells, and the results showed that both PU.1a and
PU.1b could directly bind to the CTSS promoter (Figure 7B). The
promoter of the large yellow croaker CTSS contains four putative
Ets motifs (Supplementary Figure S1), which have been
considered crucial for PU.1 binding in mammals (22). To clarify
which Ets motif is required for binding of large yellow croaker
PU.1a and PU.1b to CTSS promoter, we constructed four mutants
(Mut 1-pro, 2-pro, 3-pro and 4-pro) of the CTSS promoter, with
BA

FIGURE 4 | Multiple sequence alignments and phylogenetic tree of large yellow croaker PU.1a and PU.1b with selected PU.1 molecules. (A) Multiple sequence
alignments of large yellow croaker PU.1a and PU.1b with selected vertebrate PU.1. The identical and similar residues from the aligned sequences are shaded black
and gray respectively. (B) An unrooted phylogenetic tree of vertebrate PU.1. Percentage values shown for each node represented 1000 bootstrap replications.
In the multiple alignment and phylogenetic tree construction, GenBank accession numbers are as follows: H sapiens PU.1, NP_001074016; M. musculus PU.1,
NP_001365827; R. norvegicus PU.1, NP_001005892; G gallus PU.1, NP_001376298; X. tropicalis PU.1, NP_001139455; D rerio PU.1, NP_001315297; O. mykiss
PU.1, NP_001117985; L. crocea PU.1a, XM_010748147; L. crocea PU.1b, XM_010748147; H sapiens SPI-B, NP_001230927; M. musculus SPI-B, NP_063919;
R. norvegicus SPI-B, NP_001019457; H sapiens SPI-C, NP_689536; M. musculus SPI-C, NP_035591; R. norvegicus SPI-C, NP_001101550; G gallus SPI-C,
XP_025011560; X. tropicalis SPI-C, XP_031753998; D rerio SPI-C, NP_001004621; O. mykiss SPI-C, XP_021432878.
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four Ets motifs mutated (Figure 7C). The activities of Mut 2-pro,
3-pro and 4-pro were significantly decreased after transfection
with PU.1a or PU.1b, indicating that these Ets motifs were
essential for the binding of CTSS promoter with PU.1a and
PU.1b (Figures 7D, E). In addition, the first Ets motif was
essential for binding of CTSS promoter with PU.1b but not for
binding of CTSS promoter with PU.1a (Figures 7D, E). CTSS
promoter activity could be significantly suppressed after mutation
of these related Ets motifs, but the activities of these CTSS
promoter mutants were significantly increased by PU.1a or
PU.1b compared with those by empty vector (Figures 7D, E).
Frontiers in Immunology | www.frontiersin.org 8
These results indicated that a single Ets motif mutant could
decrease but not completely inhibit CTSS promoter activity. The
ChIP assays showed that both PU.1a and PU.1b could still bind to
CTSS promoter with a single Ets motif mutation (Figures 7F, G).
These results indicated that a single Ets motif mutation did not
affect the direct binding of PU.1a or PU.1b to CTSS promoter.

Thereafter, the last three or all four Ets motifs of the CTSS
promoter were mutated, and the resulting mutants were named
Mut 234-pro and Mut 1234-pro, respectively. The results showed
that neither PU.1a nor PU.1b could activate Mut 234-pro or Mut
1234-pro activity compared with the empty vector (Figures 8A, B).
A

B C

FIGURE 6 | mRNA expression of the PU.1a, PU.1b and CTSS triggered by IFN-g, PU.1a or PU.1b. (A) LYC-FM cells were treated with rLcIFN-g protein, cells were
harvested at 48 h later. Then, total RNAs were extracted to examine the mRNA levels of PU.1a, PU.1b and CTSS through qRT-PCR. (B, C) LYC-FM cells were
transfected with control vector, PU.1a or PU.1b respectively. Cells were harvested at 48 h later. Proteins of PU.1a and PU.1b were detected by Western blot analysis
with anti-Flag antibody, and CTSS mRNA level induced by PU.1a or PU.1b were detected through qRT-PCR. Data of gene expression levels are representative of
three independent experiments (mean ± SEM) (*p < 0.05).
A B C

FIGURE 5 | Expression patterns of large yellow croaker PU.1a and PU.1b in macrophages. The expression of PU.1a and PU.1b in PKM (A), LYC-FM (B) and LYC-
RM cells (C) were analyzed by qRT-PCR, and the expression level was normalized with that of b-actin. Data are representative of three independent experiments
(mean ± SEM) (*p < 0.05).
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The ChIP assay results also demonstrated that neither PU.1a nor
PU.1b could directly bind to Mut 234 or Mut 1234 mutants of
CTSS promoter (Figures 8C, D). These results indicated that the
last three or all four Ets motifs in CTSS promoter were essential for
PU.1a or PU.1b-induced promoter activity.

All of Three Domains of PU.1a and PU.1b
Are Required for Driving CTSS Promoter
Activity
To characterize the involvement of the functional domains of PU.1a
and PU.1b in regulation of the promoter of CTSS, three functional
domains, transactivation domain, PEST domain, or ETS domain, of
PU.1a or PU.1bweremutated and truncatedmutants, dubbed PU.1-
DTD, PU.1-DPD, and PU.1-DED, were constructed (Figure 9A).
Thereafter, the promoter activity of CTSS was detected. As shown in
Figures 9B, C, the promoter activity of CTSS could not be activated
by these mutants, indicating that all three domains of PU.1a and
PU.1b are required for driving CTSS promoter activity.

DISCUSSION

Macrophages are the main effector cells of the innate immune
response, and play critical roles in host defense and immune
Frontiers in Immunology | www.frontiersin.org 9
homeostasis. In fish, one of the obstacles in understanding the
immune functions of macrophages is the unavailability of
macrophage cell lines. In this study, two macrophage cell lines
from large yellow croaker were established and characterized.
Thereafter, we have used these two macrophage cell lines to
investigate the functions of PU.1a and PU.1b in regulating the
CTSS expression.

Primary macrophages have been isolated in bony fish, and
macrophage cell lines have also been established in several
species. In these primary macrophages or macrophage cell
lines, different morphologies have been detected, including
fusiform, round, and spreading shapes (6, 10, 14, 15, 17, 19).
In large yellow croaker, primary macrophages show a round
morphology, whereas macrophage cell lines are fusiform (13, 40).
Here, another two macrophage cell lines were sub-cloned from
an established large yellow croaker head kidney cell line, LYCK
(Figure 1A). Macrophage marker genes have been detected in
these two cell lines, including F4/80, CD11b, CD68, CSF-1Ra/b,
MPEG1 and LYZ (Figure 1B). The marker genes of F4/80,
CD11b and CD68 have been demonstrated to be expressed in
murine macrophages (41), and CSF-1Ra/b, MPEG1 and LYZ
genes have been detected in bony fish primary macrophages (42,
43). These results demonstrated that the selected single cell lines
A

B

F

G

C

E

D

FIGURE 7 | CTSS expression activated by PU.1a and PU.1b. (A) The CTSS promoter activities driven by PU.1a and PU.1b. EPC cells seeded in 24-well plate were
co-transfected with 0.5 µg pCMV-Flag (control vector), Flag-PU.1a or Flag-PU.1b and 0.5 µg CTSS promoter plasmid. pRL-TK was used as an internal control.
Promoter activities were monitored at 48 h after transfection. (B) The binding of PU.1a or PU.1b with CTSS promoter. HEK 293T cells were co-transfected with 5 µg
pCMV-Flag (control vector), Flag-PU.1a or Flag-PU.1b and 5 µg CTSS promoter plasmid. After 48 h, cell lysates were immunoprecipitated with anti-Flag-Agarose
beads. Then the DNA binding to CTSS promoter was checked by semi-quantitative PCR. The input was used as a control to quantify the DNA concentration. (C)
Schematic representation of mutated CTSS promoter-driving luciferase constructs. (D, E) The function of Ets motifs on activation of CTSS. EPC cells were co-
transfected with pCMV-Flag (control vector), Flag-PU.1a or Flag-PU.1b and the mutants of CTSS promoter plasmid. Promoter activities were monitored at 48 h after
transfection. (F, G) The binding of PU.1a or PU.1b with Ets motifs of CTSS promoter. HEK 293T cells were co-transfected with pCMV-Flag (control vector), Flag-
PU.1a or Flag-PU.1b and the mutants of CTSS promoter plasmid. Then the DNA binding to CTSS promoter was checked by ChIP assay. Data are representative of
three independent experiments (mean ± SEM) (*p < 0.05).
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were macrophages. Wright-Giemsa staining is a typical method
for detecting cell types, and bony fish macrophages have also
been detected using this staining (42). The Wright-Giemsa
staining results showed that two sub-cloned macrophage cell
lines had claret-colored nuclei and blue cytoplasm (Figure 1C),
consistent with macrophages in rainbow trout and zebrafish
(Danio rerio) (42, 44). This further supported that both types of
cells sub-cloned here were macrophages in large yellow croaker.

Phagocytosis is a fundamental defense mechanism in
macrophages that plays a dominant role in defense against
invading pathogenic bacteria in fish (6, 45, 46). In the present
study, both LYC-FM and LYC-RM cells were demonstrated to
engulf fluorescent latex beads, and the phagocytic capacity of
Frontiers in Immunology | www.frontiersin.org 10
LYC-RM cells was significantly higher than that of LYC-FM cells
(Figure 2). When invading pathogenic bacteria are engulfed by
macrophages, a series of antibacterial defense mechanisms are
activated. The destruction of internalized microorganisms is the
key to the innate immune response (2). Bony fish macrophages
possess powerful bactericidal ability (18). Here, both LYC-FM
and LYC-RM cells also exhibited bactericidal ability. Fish
macrophages can destroy the invading pathogens by ROS and
NO, and the quantity of ROS and NO production serves as an
indicator of the innate immune response (38, 39, 47, 48). In
teleost, IFN-g can induce phagocytes to produce ROS and NO
(49). In our previous study, IFN-g was found to induce large
yellow croaker primary macrophages to produce ROS and NO
A B

C D

FIGURE 8 | Mutations of Ets motifs attenuate CTSS activation and abrogate PU.1a or PU.1b binding to CTSS promoter. (A, B) Mutations of Ets motifs attenuate
CTSS activation. (C, D) The binding of PU.1a or PU.1b with mutants of Ets motifs. Data are representative of three independent experiments (mean ± SEM) (*p < 0.05).
A B C

FIGURE 9 | Effects of the different structural domains of PU.1a and PU.1b on CTSS promote. (A) Schematic representation of wild type PU.1a or PU.1b and their
three mutants. (B, C) PU.1a or PU.1b mutants on CTSS promoter. HEK 293T cells were co-transfected with wild type or mutations of PU.1a or PU.1b and CTSS
promoter, luciferase activities were monitored at 48 h after transfection. Data are representative of three independent experiments (mean ± SEM) (*p < 0.05).
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(31). In this study, both LYC-FM and LYC-RM cells produced
the higher levels of ROS and NO in response to rLcIFN-g
treatment compared to rTrx (Figure 3). These results were
consistent with those observed in large yellow croaker primary
macrophages (31). The ability of LYC-FM and LYC-RM cells to
synthesize ROS and NO suggests that they may share the same
effector molecules for microbic idal act iv i t ies with
primary macrophages.

Macrophages play an important role in antigen presentation
process. In this process, CTSS can mediate proteolysis of
endocytosed polypeptides (30). In the murine macrophage cell
line RAW264.7, IFN-g induces the expression of CTSS through
direct binding of PU.1 to CTSS promoter (28). Our previous
results showed that CTSS could be detected in large yellow
croaker primary macrophages (30). However, the functions of
PU.1 in regulating the expression of CTSS are unclear in this
species. Here, PU.1 was found to exist in two transcripts, PU.1a
and PU.1b, and both were constitutively expressed in LYC-FM
and LYC-RM cells (Figures 4, 5). In addition, their expression
levels were upregulated by rLcIFN-g protein (Figure 6A).
Additionally, rLcIFN-g, PU.1a, and PU.1b all could induce the
expression of CTSS (Figure 6). These results were in accord with
those in murine animals (22, 28). PU.1a or PU.1b could directly
bind to the promoter region of CTSS and upregulate the
expression of CTSS in large yellow croaker (Figure 7), but the
binding regions of PU.1a and PU.1b to the CTSS promoter were
somewhat different (Figures 7, 8). This may reflect a difference
between PU.1a and PU.1b in the regulation of CTSS expression
as well as in the regulation of antigen presentation. Through the
ChIP assay, we demonstrated that three Ets motifs within the
CTSS promoter were recognized by PU.1a and all of four
recognized by PU.1b. These results imply that PU.1b may
competitively bind to the same motifs with PU.1a in the
regulation of CTSS expression. It was notable that the first Ets
motif in the CTSS promoter may be necessary for PU.1b
regulation of CTSS expression (Figures 7D, E). PU.1a and
PU.1b contain three different domains, and different domains
have their own features. The three truncated mutants of PU.1a or
PU.1b could not activate the CTSS promoter, suggesting that all
three domains of PU.1a or PU.1b were essential for the initiation
of CTSS expression (Figure 9).

In short, two macrophage cell lines (LYC-FM and LYC-RM)
from large yellow croaker were established and characterized.
Then we clarified the functions of transcription factors PU.1a
and PU.1b in the regulation of CTSS expression by using these
macrophages as a model system. Our results will be helpful for
Frontiers in Immunology | www.frontiersin.org 11
understanding the functions of PU.1 in bony fish. However,
further studies are required to determine whether PU.1a or
PU.1b cooperate with other transcription factors, such as IRF1
and IRF2, to regulate CTSS expression.
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