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In mammals, the transcription factor Pax5 is a key regulator of B cell

development and maturation and specifically expressed in naive/mature B cells

but repressed upon B cell activation. Despite the long-standing proposal that

Pax5 repression is essential for proper B cell activation, the underlying

mechanisms remain largely elusive. In this study, we used a teleost model to

elucidate the mechanisms governing Pax5 repression during B cell activation.

Treatment with lipopolysaccharide (LPS) and chitosan oligosaccharide (COS)

significantly enhanced the antibody secreting ability and phagocytic capacity of

IgM+ B cells in large yellow croaker (Larimichthys crocea), coinciding with

upregulated expression of activation-related genes, such as Bcl6, Blimp1, and

sIgM, and downregulated expression of Pax5. Intriguingly, two CpG islands were

identified within the promoter region of Pax5. Both CpG islands exhibited

hypomethylation in naive/mature B cells, while CpG island1 was specifically

transited into hypermethylation upon B cell activation. Furthermore, treatment

with DNA methylation inhibitor 5-aza-2’-deoxycytidine (AZA) prevented the

hypermethylation of CpG island1, and concomitantly impaired the

downregulation of Pax5 and activation of B cells. Finally, through in vitro

methylation experiments, we demonstrated that DNA methylation exerts an

inhibitory effect on promoter activities of Pax5. Taken together, our findings

unveil a novel mechanism underlying Pax5 repression during B cell activation,

thus promoting the understanding of B cell activation process.
KEYWORDS
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Introduction

The immune system is an intricate network of cells and molecules that defends the

organisms against various pathogens, including bacteria, parasites and viruses. B cells play a

crucial role in adaptive immunity within the diverse components of the immune system.

During mammalian hematopoiesis, hematopoietic stem cells (HSCs) residing in the bone
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marrow initially differentiate into lymphoid-primed multipotent

progenitors (LMPPs), which subsequently produce common

lymphoid progenitors (CLPs), with potential of generating B cells,

T cells, and natural killer cells (NK) (1). In terms of B cell lineage

commitment, CLPs undergo a series of differentiation steps including

B-progenitors (pro-B), precursor B cells (pre-B) and immature B cells

before ultimately matured into functional B cells (2, 3). Upon antigen

stimulation, naive/mature B cells initiate the germinal center (GC)

reaction and differentiate into antibody secreting plasma cells (4).

Notably, the transcription factor Pax5 plays crucial roles during

the development and maturation of B cells (5, 6). Homozygous Pax5

mutation in mice inhibits B cell development at early pro-B cell stage

and impairs the expression of maturation marker genes, such as

CD19, CD25, and BP-1 (7). Furthermore, studies have demonstrated

that Pax5 not only promotes the expression of B cell genes, but also

inhibits the expression of other lineage genes in B cells to ensure the

proper differentiation of B cells (8, 9). Moreover, Pax5 is also involved

in the fate maintenance of mature B cells. Transplantation of Pax5

mutated mature B cells into T-cell-deficient mice has rescued the T

lymphopoiesis in the recipient mice, indicating that Pax5 deletion can

induce transdifferentiation from B cells into T cells (10).

Despite its indispensable role during B cell development and

maturation, the expression of Pax5 is repressed during B cell

activation, accompanied by the suppression of the mature B cell

gene expression and the B cell receptor (BCR) signaling (11, 12).

The repression of Pax5 and mature program has long been

postulated to be essential for appropriate B cell activation and

plasma cell differentiation (13, 14). A recent study suggested that

Pax5 repression is not necessary for plasma cell development or

antibody secretion, however, the repression of Pax5 is required for

optimal IgG production and accumulation of long-lived plasma

cells (15). Despite the well-recognized suppression of Pax5 in

activated B cells, the underlying mechanisms remain elusive.

Teleost are the most ancient bony vertebrates with bona fide B

cells. Among teleost, IgM+ B cells represent a predominant subtype

and are widely distributed in systemic immune organs/tissues, such

as head kidney, spleen, and blood (16, 17). To investigate the

mechanisms underlying Pax5 repression during B cell activation

in the ancient vertebrates, we used large yellow croaker

(Larimichthys crocea), an economically important marine fish in

China and East Asia, as a model. We established an efficient strategy

to activate IgM+ B cells of large yellow croaker, and found that the

activation of IgM+ B cells is accompanied with a transition from

hypomethylation into hypermethylation of a CpG island located

within the promoter region of Pax5. Inhibition of the DNA

methylation impaired the downregulation of Pax5 and B cell

activation. Our findings provide valuable insights into the

mechanisms underlying Pax5 repression during B cell activation.
Methods

Experimental fish

Large yellow croakers (51.3 ± 7.1 g) were obtained from a

mariculture farm in Ningde, Fujian, China, and raised as previously
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described (18, 19). The fish were maintained at a temperature of 20

± 2°C with a continuous flow of seawater and fed commercial feed

pellets twice daily. After a 7-day acclimation period, healthy fish

were used for the subsequent experiments. This study was

conducted in strict accordance with the Regulations of the

Administration of Affairs Concerning Experimental Animals

established by the Fujian Provincial Department of Science and

Technology. All surgeries were performed under Tricaine-S

anesthesia, and every effort was made to minimize suffering.
Leukocytes isolation

The primary head kidney leukocytes (PKLs) from large yellow

croaker were prepared as previously described (20, 21). Briefly, the

head kidney was aseptically collected from the freshly killed fish and

gently passed through a 70-mm nylon mesh (BD) to obtain single-cell

suspensions. The cell suspensions were washed twice with ice-cold

DMEM containing 2% FBS (Life Technologies), 15 IU/ml heparin

sodium, and 2% penicillin/streptomycin (Life Technologies). Each

single-cell suspension was loaded onto a freshly prepared density

gradient composed of 34%/51% Percoll (GE), followed by

centrifugation at 650 × g for 30 min at 4°C. Subsequently, the

PKLs at the gradient interface were collected and washed twice

with DMEM before being resuspended in DMEM containing 2%

FBS and 2% penicillin/streptomycin for subsequent experiments.
Magnetic-activated cell separation

MACS was applied to sort IgM+ B cells from the PKLs as

previously described, with minor modifications (17). Briefly, the

monoclonal mouse anti-LcIgM was conjugated with FITC and

utilized to label the collected leukocytes (1 mg/ml) (22). After

incubation at 4°C for 20 min, the cells were washed twice with

sterile PBS, and resuspended in MACS buffer (PBS supplemented

with 2 mM EDTA and 0.5% BSA, pH 7.2) at a concentration of 1 ×

108 cells/mL. Subsequently, 50 ml Anti-FITC MicroBeads (Miltenyi

Biotec) were added into the buffer and incubated at 4°C for 15 min.

After washing twice with sterile PBS, the cells were resuspended in 5

mL MACS buffer and loaded onto the LS columns, which were

attached to the MACS separator (Miltenyi Biotec). The LS columns

were then washed five times with the MACS buffer, and the flow-

through was harvested for collection of unlabeled IgM- cells. Finally,

the LS columns were detached from the MACS separator, and 5 ml

of MACS buffer was pipetted onto each column. The labeled IgM+

cells were collected by pushing the plunger into the column.
Gene expression analysis by real-time
quantitative PCR

After resting overnight, IgM+ B cells were stimulated with 20 mg/
ml lipopolysaccharide (LPS, sigma) and chitosan oligosaccharide

(COS, Solarbio Life Sciences), with or without the treatment of 50

mM 5-aza-2’-deoxycytidine (AZA, Selleck). TRIzol reagent
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(Invitrogen) was used for extraction of total RNA from cultured cells.

The cDNA was synthesized using All-In-One 5× RT MasterMix

(abm), and then was diluted 5 times in nuclease-free water for qPCR

analysis. qPCR experiments were conducted on a QuantStudio 5

instrument (Thermo Fisher, USA) using the SYBR qPCRMaster Mix

(Vazyme). Specific primers for were designed based on the genome

assembly of large yellow croaker (Supplementary Table 1) (23, 24).

Secreted IgM (sIgM) and membrane-bound IgM (mIgM) were

previously identified in our lab (25, 26). The relative gene

expression level was determined by the 2−DDCt method (27),

normalized against the reference gene Lcb-actin, and the fold

change was calculated by comparison with the control group. All

qPCR reactions were performed with three biological replicates.
ELISA

The IgM concentration in the cell supernatant was quantified

using a double antibody sandwich ELISA (28). Briefly, cultured IgM+

B cells were centrifuged at 550 × g for 5 min at 4°C and the cell-free

supernatant was collected. The 96-well ELISA plate (Costar) was

coated overnight with 100 ml of PBS containing 2.5 mg/ml rabbit anti-

LcIgM, and then blocked with 100 ml of PBST containing 1% BSA for

2 h at 37°C. After washing three times with PBST, 100 ml of sample

diluted in PBS containing 1% BSA was added to each well. Following

incubation at 37°C for 2 h, the plates were washed three times with

PBST, and monoclonal mouse anti-LcIgM (2.5 mg/ml) in PBS was

then added, followed by an incubation at 37°C for 1 h. After washing

three times with PBST, 100 ml of HRP-goat anti-mouse antibody was

added and incubated at 37°C for 1 h. After washing three times with

PBST, 100 ml of TMB substrate solution (Solarbio) was added per well

and incubated at 37°C for 10 min, then 100 ml of stopping buffer was
added and the OD450 was examined by a plate reader (Promega).

Antibody reactivity was calculated after subtraction of background

(OD450 of culture medium coated plates).
Phagocytosis assay

Phagocytosis assay was performed as previously described, with

minor modifications (29). The cultured IgM+ B cells were co-

incubated with 1.0-mm fluorescent beads (Invitrogen) at a cell/

bead ratio of 1:10 for 3 h at 28°C. Then cell suspensions were loaded

onto a cushion of 3% BSA in PBS supplemented with 4.5% d-

glucose and then centrifuged at 550 × g for 10 min at 4°C. The

resultant cells were washed with PBS for two times, and then used

for further flow cytometry analysis (BD) and imaged under a laser

scanning confocal microscope (Leica).
CpG islands prediction and bisulfite
sequencing PCR

The CpG islands in the promoter region (2 kb upstream of

transcription start site) of Pax5 were predicted using the online

software MethPrimer (30), and the BSP primers were designed
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DNA from cultured IgM+ B cells under different treatments was

extracted with the Tissue DNA Kit (Omega biotek) and then

subjected to bisulfite conversion using the EZ DNA Methylation-

Gold Kit (Zymo Research) following the manufacturer’s instructions.

Subsequently, BSP was performed as previously described with minor

modifications (31). Briefly, touchdown PCR was conducted with the

bisulfite converted genomic DNA and BSP primers: initial

denaturation step (95°C 10 min), 30 cycles [95°C 30 s, 60-45°C

(with gradual decrease of 0.5°C per cycle) 30 s, 72°C 1 min], 20 cycles

(95°C 30 s, 45°C 30 s, 72°C 1min), final extension step (72°C 10min).

The amplified products were purified after gel electrophoresis, and

cloned into pEASY-T1 vectors (Trans Gen Biotech). Ten clones for

each gene were collected for sequencing with three biological

replicates for each treatment. QUMA software was utilized for the

analysis and quantification of DNA methylation level (32).
Dot blot assay

Dot blot assay was used to analyze the global 5-methylcytosine

(5mC) level as previously reported (33). Genomic DNA from

cultured large yellow croaker IgM+ B cells under different

treatments was extracted with the Tissue DNA Kit (Omega biotek).

500 ng of genomic DNA was transferred to a Nylon membrane

(Beyotime), and rabbit anti-5mC antibody (1: 1000; Cell Signaling

Technology) was used to detect the global 5mC level of the samples.
Luciferase reporter assay

The promoter region of Pax5 was amplified and cloned into the

pGL3-basic vector (Supplementary Table 1). The resulting

recombinant plasmids were in vitro methylated using CpG

Methyltransferase M.SssI (New England BioLabs) following the

manufacturer’s instructions. Methylation of recombinant plasmids

was confirmed by digestion with theHpaII enzyme, which specifically

digests unmethylated DNA. HEK293T cells were seeded in 24-well

plates, with 1 × 10^5 cells per well, and cultured in DMEM

supplemented with 10% FBS and 1% penicillin/streptomycin at 37°

C with a supply of 5% CO2. After culturing overnight, each well is

transfected with 500 ng methylated or unmethylated plasmids using

Lipo8000 (Beyotime), and 50 ng pRL-TK plasmid was used as

internal control. After 48 hours of culture, luciferase activity was

measured with Dual-Luciferase Reporter Assay System (Promega)

following the manufacturer’s instructions. All assays were performed

with three biological replicates.
Statistical analysis

Statistical analyses were performed using GraphPad Prism 9

software. Data were presented as the mean ± standard deviation

(SD). Group comparisons were assessed using unpaired Student’s t

test, and statistical significance was defined as p < 0.05.
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Results

Enrichment of IgM+ B cells via MACS

To minimize the interference of other cell types in studying B

cell activation, we utilized the MACS method to enrich the IgM+ B

cell from the PKLs of large yellow croaker. Flow cytometry analysis

revealed the purity of MACS sorted IgM+ B is above 95%

(Figure 1A). RT-PCR showed that MACS sorted IgM+ cells

exhibited high expression levels of B cell marker genes (Pax5,

Bcl6, mIgM), while genes related to T cells (Lck1, Cd28) and

macrophages (Mpeg1) were not detected. In contrast, MACS

sorted IgM- cells showed apparent expression of T cell and

macrophage related genes (Figure 1B). Furthermore ,

immunofluorescence microscopy confirmed that the majority of

the sorted IgM+ cells are labelled with anti-LcIgM antibody

(Figure 1C). These results indicated that MACS is an efficient

approach to enrich IgM+ B cells.
Efficient activation of IgM+ B cells through
LPS and COS treatment

For the activation of IgM+ B cells, we stimulated the IgM+ B cells

with LPS and COS, which have been reported to activate B cells and

PKLs in teleost (19, 34). qPCR analysis showed that treatment with

LPS or COS respectively could upregulate the expression level of the
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genes related to B cell activation, such as Bcl6, Blimp1, and sIgM, and

the enhancement effect is more significant with combined treatment

of LPS and COS, while the expression level of mIgM remain

unchanged (Figures 2A–D). Furthermore, the antibody secreting

ability of IgM+ B cells was increased upon LPS and COS treatment

(Figure 2F). In addition to their adaptive immune activities, teleost B

cells also exhibit certain innate immune activities, such as phagocytic

and bactericidal abilities (35). We thus examined the phagocytic

capacity of IgM+ B cells after LPS/COS treatment. Flow cytometry

analysis revealed a low PE+ population and a high PE+ population,

which represented low phagocytic B cells and high phagocytic B cells,

respectively (Figures 2G–I). We found that the proportion of both

high phagocytic and total phagocytic IgM+ B cells is enhanced upon

LPS and COS treatment. Furthermore, immunofluorescence

microscopy confirmed that LPS and COS treatment increased the

number of internalized beads in B cells (Figure 2J). These results

indicated that the treatment with LPS and COS could efficiently

activate both the adaptive and the innate immune activities of IgM+

B cells.
BSP analysis of methylation level of CpG
islands in Pax5 promoter region

Notably, we found that the expression of Pax5 is downregulated

after LPS and COS treatment, indicating that Pax5 repression

during B cell activation is conserved in teleost and mammals
A B C

FIGURE 1

Enrichment of IgM+ B cells through MACS. (A) FACS analysis showed the IgM+ cell percentage of MACS sorted IgM+ cells and IgM- cells. (B) RT-PCR
showed the expression pattern of T cell marker genes (Lck1, Cd28), macrophage marker gene (Mpeg1) and B cell marker genes (Pax5, Bcl6, mIgM) in
MACS sorted IgM+ cells and IgM- cells. (C) Confocal microscopy showed the majority of MACS sorted IgM+ cells are labelled by anti-IgM antibody.
Arrows indicate the anti-IgM antibody labelled cells. Scale bar, 5 mm.
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(Figure 2E). DNA methylation in the form of 5-methylcytosine

(5mC) is a classic epigenetic modification that usually occurs within

the CpG islands located in the gene promoter region. High level of

5mC DNA methylation in the promoter region is generally
Frontiers in Immunology 05
associated with transcriptional repression and plays a crucial role

in various biological processes, such as development, homeostasis,

and immune response (36, 37). To investigate whether the

expression level of Pax5 is regulated by DNA methylation, we
A B

C D

E F

G H

I J

FIGURE 2

LPS and COS treatment induced efficient activation of IgM+ B cells. (A–E) qPCR showed the expression pattern of Bcl6, Blimp1, sIgM, mIgM and
Pax5 in IgM+ B cells after treatment of LPS and COS. (F) ELISA analysis of the concentration of secreted IgM in the culture medium of IgM+ B cells
stimulated by LPS and COS. (G, H) Flow cytometry analysis showed the percentage of phagocytic B cells at 24 hours (G) and 48 hours (H) after
treatment of LPS and COS. (I) Statistical results of phagocytic B cells in (G, H). (J) Representative confocal microscopy validated the phagocytic
ability of B cells was increased after treatment of LPS and COS. *P <0.05, **P <0.01, ***P <0.001, ns: not significant.
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cloned and analyzed the promoter region of Pax5 by MethPrimer.

Two CpG islands were identified in the promoter region of Pax5

(Figure 3A). The CpG island1 is located between nucleotides -1706

to -1437, and CpG island2 located between nucleotides -643 to

+123. We then performed BSP analysis to examine the DNA

methylation levels of these two CpG islands both before and after

B cell activation. The results showed that both CpG island1 and
Frontiers in Immunology 06
CpG island2 are hypomethylated before B cell activation, which is

corresponding to the high expression of Pax5 in naive/mature B

cells (Figures 3B, E, F). After being stimulated by LPS and COS, the

CpG island1 was transited into hypermethylation, while the CpG

island2 remained hypomethylated (Figures 3C, E, F). These results

suggested that the hypermethylation at CpG island1 may be related

to the repression of Pax5 expression during B cell activation.
A

B

C

D E F

FIGURE 3

LPS/COS treatment induced hypermethylation of CpG island1 in Pax5 promoter region. (A) Two CpG islands were identified in promoter region of
Pax5. TSS, transcription start site. (B, C) BSP analysis of DNA methylation level in CpG island1 and CpG island2 in naive/mature (B) and LPS/COS
treated (C) IgM+ B cells. (D) BSP analysis of DNA methylation level in CpG island1 after LPS/COS/AZA treatment. (E, F) Statistical results of DNA
methylation level of CpG island1 and CpG island2 in (B–D). **P <0.01, ns: not significant.
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A B

C D

E I J

F H

G

FIGURE 4

Inhibition of DNA methylation impaired downregulation of Pax5 and B cell activation. (A–D) qPCR showed the expression pattern of Bcl6, Blimp1,
sIgM and Pax5 in IgM+ B cells after treatment of LPS/COS and LPS/COS/AZA. (E) ELISA analysis of the concentration of secreted IgM in the culture
medium of IgM+ B cells after treatment of LPS/COS and LPS/COS/AZA. (F, G) Flow cytometry analysis showed the percentage of phagocytic B cells
at 24 hours (F) and 48 hours (G) after treatment of LPS/COS and LPS/COS/AZA. (H) Statistical results of phagocytic B cells in F and G. (I) in vitro
enzymatic digestion of M.SssI treated or not treated pGL3-Pax5 by Hpa II, which only digest unmethylated DNA. M.SssI treated group prevented the
digestion by HpaII, indicating the high efficiency of in vitro DNA methylation. (J) Luciferase assays showed the promoter activities of methylated or
unmethylated pGL3-Pax5, pGL3-Basic was used as the negative control. *P <0.05, **P <0.01, ***P <0.001, ns: not significant.
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Inhibition of DNA methylation impaired
Pax5 repression and B cell activation

We then used 5-aza-2’-deoxycytidine (AZA), a specific

inhibitor of DNA methyltransferase, to investigate the role of

DNA methylation during B cell activation. We found that the

AZA treatment inhibited the hypermethylation of CpG island1

during B cell activation (Figures 3D, E). Coincidently, the

downregulation of Pax5 induced by LPS/COS treatment was

inhibited (Figure 4A). Subsequently, we examined the influence of

DNA methylation on B cell activation and found that the

upregulation of Bcl6, Blimp1, and sIgM was compromised

following AZA treatment, as revealed by qPCR analysis

(Figures 4B–D). Furthermore, the enhancement of both antibody

secreting ability and phagocytic ability of IgM+ B cells induced by

LPS/COS treatment were compromised after AZA treatment

(Figures 4E–H).

To further validate the influence of DNA methylation on Pax5

transcription, we performed in vitro methylation of pGL3-Pax5

plasmids using M. SssI methylase. The efficiency of DNA

methylation was confirmed by digestion with the DNA

methylation-sensitive enzyme HpaII, which specifically digests

unmethylated DNA (Figure 4I). Subsequently, the methylated or

unmethylated plasmids were transfected into HEK293T cells and

compared to a negative control (pGL3-Basic plasmid) to assess the

promoter activity. The results indicated that methylation of the

pGL3-Pax5 plasmids significantly repressed promoter activity

of Pax5 (Figure 4J). Overall, our findings revealed a role of

DNA methylation in B cell activation through inhibition of

Pax5 expression.
Discussion

In mammals, the development and maturation of B cells are

precisely regulated by a cascade of orchestrated transcription

factors. Among them, Pax5 serves as the key regulator of B cell

development and maturation but is repressed during B cell

activation. Although studies in mammals have shown that the

plasma cell specific transcription factor Blimp1 is involved in the

repression of Pax5, it remains unclear whether there are alternative

mechanisms underlying its repression (11, 12).

As lower vertebrates, teleost also possess a relatively complete

immune system. IgM+ B cells are a predominant subtype and play

essential roles in systemic immune response. In this study, we

established an efficient strategy for IgM+ B cell activation in large

yellow croaker. COS, composed of deacetylated glucosamine and b-
(1–4)-linked N-acetyl-D-glucosamine, exhibits beneficial effects in

immunostimulatory, antibacterial and antioxidant activities and is

widely used in drug delivery and tissue engineering (38). Previous

studies have found that COS could effectively activate IgM+ B cells

in grass carp (34). LPS, a component of the cell wall of Gram-

negative bacteria, has been reported to be able to activate PKLs of

large yellow croaker (19, 39). We found that the combined

treatment with LPS and COS enhanced the phagocytic capacity,

antibody secretion, and expression of activation-related genes of
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large yellow croaker IgM+ B cells. Interestingly, we found that the

activation of B cells in large yellow croaker is accompanied with the

suppression of Pax5 expression, suggesting that the repression of

developmental related genes during B cell activation is conserved in

teleost and mammals.

Previous studies have revealed that DNA methylation is

involved in B cell development and activation. B cells at different

developmental stages exhibit distinct DNA methylation levels (40).

Conditional knockout of DNA demethylases Tet2/Tet3 at the pro-B

cells stage impede its further differentiation into pre-B cells (41),

while deletion of Tet2/Tet3 in mature B cells disrupts homeostasis

and leads to tumorigenesis (42). We used a dot blot assay to

examine the global DNA methylation level, and found that the B

cell activation induced by LPS/COS is accompanied with a

reduction in global DNA methylation level. Additionally, AZA

treatment resulted in decreased global DNA methylation level

both before and after B cell activation (Supplementary Figure 1).

These results are consistent with the previous reports in mammals,

where the majority of the differentially methylated genes during B

cell activation were hypomethylated, while a small proportion of

genes were hypermethylated (43). Interestingly, the deficiency of

either DNA methyltransferase DNMT1 or DNA demethylase Tet2

leads to impaired B cell activation (43, 44), suggesting an essential

and intricate role of DNA methylation during this process. In this

study, we found that hypermethylation of CpG island1 in the

promoter region of Pax5 is associated with its downregulation

during B cell activation. Our results highlight the importance of

examining downstream genes when exploring the role of DNA

methylation. Future studies are required to elucidate whether DNA

methylation collaborates with other factors, such as Blimp1, to

regulate Pax5 expression.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding author.
Ethics statement

The animal study was approved by Committee on the Ethics of

Animal Experiments of the Fujian Agriculture and Forestry

University. The study was conducted in accordance with the local

legislation and institutional requirements.
Author contributions

YS: Conceptualization, Data curation, Investigation,

Methodology, Software, Writing – original draft, Writing – review

& editing. ZZ: Data curation, Investigation, Methodology, Writing –

original draft. QC: Investigation, Methodology, Writing – original

draft. XC: Conceptualization, Funding acquisition, Project

administration, Resources, Supervision, Writing – review & editing.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1363426
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Shi et al. 10.3389/fimmu.2024.1363426
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This work

was supported by National Key Research and Development

Program of China (2022YFD2401001), National Natural Science

Foundation of China (U23A20253, 32102784), China Agriculture

Research System of MOF and MARA (CARS-47), Natural Science

Foundation of Fujian Province (2022J01211209), and Institute of

Oceanology of Fuzhou (2021F02).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Frontiers in Immunology 09
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1363426/

full#supplementary-material
References
1. Doulatov S, Notta F, Laurenti E, Dick JE. Hematopoiesis: a human perspective.
Cell Stem Cell (2012) 10:120–36. doi: 10.1016/j.stem.2012.01.006

2. Parra M. Epigenetic events during B lymphocyte development. Epigenetics (2009)
4:462–8. doi: 10.4161/epi.4.7.10052

3. Hardy RR, Hayakawa K. B cell development pathways. Annu Rev Immunol (2001)
19:595–621. doi: 10.1146/annurev.immunol.19.1.595

4. Victora GD, Nussenzweig MC. Germinal centers. Annu Rev Immunol (2012)
30:429–57. doi: 10.1146/annurev-immunol-020711-075032

5. Cobaleda C, Schebesta A, Delogu A, Busslinger M. Pax5: the guardian of B cell
identity and function. Nat Immunol (2007) 8:463–70. doi: 10.1038/ni1454

6. Somasundaram R, Jensen CT, Tingvall-Gustafsson J, Ahsberg J, Okuyama K,
Prasad M, et al. EBF1 and PAX5 control pro-B cell expansion via opposing
regulation of the Myc gene. Blood (2021) 137:3037–49. doi: 10.1182/
blood.2020009564

7. Nutt SL, Urbanek P, Rolink A, Busslinger M. Essential functions of Pax5 (BSAP)
in pro-B cell development: difference between fetal and adult B lymphopoiesis and
reduced V-to-DJ recombination at the IgH locus. Genes Dev (1997) 11:476–91. doi:
10.1101/gad.11.4.476

8. Delogu A, Schebesta A, Sun Q, Aschenbrenner K, Perlot T, Busslinger M. Gene
repression by Pax5 in B cells is essential for blood cell homeostasis and is reversed in
plasma cells. Immunity (2006) 24:269–81. doi: 10.1016/j.immuni.2006.01.012

9. Calderon L, Schindler K, Malin SG, Schebesta A, Sun Q, Schwickert T, et al. Pax5
regulates B cell immunity by promoting PI3K signaling via PTEN down-regulation. Sci
Immunol (2021) 6:eabg5003. doi: 10.1126/sciimmunol.abg5003

10. Cobaleda C, Jochum W, Busslinger M. Conversion of mature B cells into T cells
by dedifferentiation to uncommitted progenitors. Nature (2007) 449:473–7. doi:
10.1038/nature06159

11. Shaffer AL, Lin KI, Kuo TC, Yu X, Hurt EM, Rosenwald A, et al. Blimp-1
orchestrates plasma cell differentiation by extinguishing the mature B cell gene
expression program. Immunity (2002) 17:51–62. doi: 10.1016/S1074-7613(02)00335-7

12. Lin KI, Angelin-Duclos C, Kuo TC, Calame K. Blimp-1-dependent repression of
Pax-5 is required for differentiation of B cells to immunoglobulin M-secreting plasma
cells. Mol Cell Biol (2002) 22:4771–80. doi: 10.1128/MCB.22.13.4771-4780.2002

13. Fuxa M, Busslinger M. Reporter gene insertions reveal a strictly B lymphoid-
specific expression pattern of Pax5 in support of its B cell identity function. J Immunol
(2007) 178:3031–7. doi: 10.4049/jimmunol.178.5.3031

14. Minnich M, Tagoh H, Bonelt P, Axelsson E, Fischer M, Cebolla B, et al.
Multifunctional role of the transcription factor Blimp-1 in coordinating plasma cell
differentiation. Nat Immunol (2016) 17:331–43. doi: 10.1038/ni.3349

15. Liu GJ, Jaritz M, Wohner M, Agerer B, Bergthaler A, Malin SG, et al. Repression
of the B cell identity factor Pax5 is not required for plasma cell development. J Exp Med
(2020) 217:e20200147. doi: 10.1084/jem.20200147

16. Sunyer JO. Fishing for mammalian paradigms in the teleost immune system. Nat
Immunol (2013) 14:320–6. doi: 10.1038/ni.2549

17. Cao JF, Ding LG, Wang QC, Han GK, Qin DC, Cheng GF, et al. Conserved role
of mTORC1 signaling in B cell immunity in teleost fish. J Immunol (2022) 209:1095–
107. doi: 10.4049/jimmunol.2200280
18. Mu P, Huo J, Li X, Li W, Li X, Ao J, et al. IL-2 signaling couples the MAPK and
mTORC1 axes to promote T cell proliferation and differentiation in teleosts. J Immunol
(2022) 208:1616–31. doi: 10.4049/jimmunol.2100764

19. Yuan X, Rong Y, Chen Y, Ren C, Meng Y, Mu Y, et al. Molecular
characterization, expression analysis and cellular location of IL-4/13 receptors in
large yellow croaker (Larimichthys crocea). Fish Shellfish Immunol (2022) 120:45–55.
doi: 10.1016/j.fsi.2021.11.007
20. Fu Q, Wei Z, Chen Y, Xie J, Zhang X, He T, et al. Development of monoclonal

antibody against IgT of a perciform fish, large yellow croaker (Larimichthys crocea) and
characterization of IgT(+) B cells.Dev Comp Immunol (2021) 119:104027. doi: 10.1016/
j.dci.2021.104027
21. Wei Z, Li X, Li W, Fu Q, Mu Y, Chen X. Molecular characterization and role in

virus infection of Beclin-1 in large yellow croaker (Larimichthys crocea). Fish Shellfish
Immunol (2021) 116:30–41. doi: 10.1016/j.fsi.2021.06.006
22. Huang Y, Yuan X, Mu P, Li Q, Ao J, Chen X. Development of monoclonal

antibody against IgM of large yellow croaker (Larimichthys crocea) and
characterization of IgM(+) B cells. Fish Shellfish Immunol (2019) 91:216–22. doi:
10.1016/j.fsi.2019.05.035

23. Ao J, Mu Y, Xiang LX, Fan D, Feng M, Zhang S, et al. Genome sequencing of the
perciform fish Larimichthys crocea provides insights into molecular and genetic
mechanisms of stress adaptation. PloS Genet (2015) 11:e1005118. doi: 10.1371/
journal.pgen.1005118

24. Mu Y, Huo J, Guan Y, Fan D, Xiao X, Wei J, et al. An improved genome assembly
for Larimichthys crocea reveals hepcidin gene expansion with diversified regulation
and function. Commun Biol (2018) 1:195. doi: 10.1038/s42003-018-0207-3

25. Tian C, Chen X, Ao J. The up-regulation of large yellow croaker secretory IgM
heavy chain at early phase of immune response. Fish Physiol Biochem (2010) 36:483–90.
doi: 10.1007/s10695-009-9318-6

26. Cui Z, Zhao H, Chen X. Molecular and functional characterization of two IgM
subclasses in large yellow croaker (Larimichthys crocea). Fish Shellfish Immunol (2023)
134:108581. doi: 10.1016/j.fsi.2023.108581

27. Ding Y, Ao J, Huang X, Chen X. Identification of Two Subgroups of Type I IFNs
in Perciforme Fish Large Yellow Croaker Larimichthys crocea Provides Novel Insights
into Function and Regulation of Fish Type I IFNs. Front Immunol (2016) 7:343. doi:
10.3389/fimmu.2016.00343

28. Zwollo P, Cole S, Bromage E, Kaattari S. B cell heterogeneity in the teleost
kidney: evidence for a maturation gradient from anterior to posterior kidney. J
Immunol (2005) 174:6608–16. doi: 10.4049/jimmunol.174.11.6608

29. Zhang XY, Zhuo X, Cheng J, Wang X, Liang K, Chen X. PU.1 regulates cathepsin
S expression in large yellow croaker (Larimichthys crocea) macrophages. Front
Immunol (2021) 12:819029. doi: 10.3389/fimmu.2021.819029

30. Li LC, Dahiya R. MethPrimer: designing primers for methylation PCRs.
Bioinformatics (2002) 18:1427–31. doi: 10.1093/bioinformatics/18.11.1427

31. Zhang Y, Shen W, Cao M, Li J, Zheng B, Lou Z, et al. Dynamic alterations in
methylation of global DNA and growth-related genes in large yellow croaker
(Larimichthys crocea) in response to starvation stress. Comp Biochem Physiol B
Biochem Mol Biol (2019) 227:98–105. doi: 10.1016/j.cbpb.2018.09.006

32. Kumaki Y, Oda M, Okano M. QUMA: quantification tool for methylation
analysis. Nucleic Acids Res (2008) 36:W170–175. doi: 10.1093/nar/gkn294
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2024.1363426/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1363426/full#supplementary-material
https://doi.org/10.1016/j.stem.2012.01.006
https://doi.org/10.4161/epi.4.7.10052
https://doi.org/10.1146/annurev.immunol.19.1.595
https://doi.org/10.1146/annurev-immunol-020711-075032
https://doi.org/10.1038/ni1454
https://doi.org/10.1182/blood.2020009564
https://doi.org/10.1182/blood.2020009564
https://doi.org/10.1101/gad.11.4.476
https://doi.org/10.1016/j.immuni.2006.01.012
https://doi.org/10.1126/sciimmunol.abg5003
https://doi.org/10.1038/nature06159
https://doi.org/10.1016/S1074-7613(02)00335-7
https://doi.org/10.1128/MCB.22.13.4771-4780.2002
https://doi.org/10.4049/jimmunol.178.5.3031
https://doi.org/10.1038/ni.3349
https://doi.org/10.1084/jem.20200147
https://doi.org/10.1038/ni.2549
https://doi.org/10.4049/jimmunol.2200280
https://doi.org/10.4049/jimmunol.2100764
https://doi.org/10.1016/j.fsi.2021.11.007
https://doi.org/10.1016/j.dci.2021.104027
https://doi.org/10.1016/j.dci.2021.104027
https://doi.org/10.1016/j.fsi.2021.06.006
https://doi.org/10.1016/j.fsi.2019.05.035
https://doi.org/10.1371/journal.pgen.1005118
https://doi.org/10.1371/journal.pgen.1005118
https://doi.org/10.1038/s42003-018-0207-3
https://doi.org/10.1007/s10695-009-9318-6
https://doi.org/10.1016/j.fsi.2023.108581
https://doi.org/10.3389/fimmu.2016.00343
https://doi.org/10.4049/jimmunol.174.11.6608
https://doi.org/10.3389/fimmu.2021.819029
https://doi.org/10.1093/bioinformatics/18.11.1427
https://doi.org/10.1016/j.cbpb.2018.09.006
https://doi.org/10.1093/nar/gkn294
https://doi.org/10.3389/fimmu.2024.1363426
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Shi et al. 10.3389/fimmu.2024.1363426
33. Zocchi L, Mehta A, Wu SC, Wu J, Gu Y, Wang J, et al. Chromatin remodeling
protein HELLS is critical for retinoblastoma tumor initiation and progression.
Oncogenesis (2020) 9:25. doi: 10.1038/s41389-020-0210-7

34. Wang J, Wu CS, Hu YZ, Yang L, Zhang XJ, Zhang YA. Plasmablasts induced by
chitosan oligosaccharide secrete natural IgM to enhance the humoral immunity in
grass carp. Carbohydr Polym (2022) 281:119073. doi: 10.1016/j.carbpol.2021.119073

35. Li J, Barreda DR, Zhang YA, Boshra H, Gelman AE, Lapatra S, et al. B
lymphocytes from early vertebrates have potent phagocytic and microbicidal
abilities. Nat Immunol (2006) 7:1116–24. doi: 10.1038/ni1389
36. Mattei AL, Bailly N, Meissner A. DNA methylation: a historical perspective.

Trends Genet (2022) 38:676–707. doi: 10.1016/j.tig.2022.03.010
37. Jones PA. Functions of DNA methylation: islands, start sites, gene bodies and

beyond. Nat Rev Genet (2012) 13:484–92. doi: 10.1038/nrg3230
38. Ahsan SM, Thomas M, Reddy KK, Sooraparaju SG, Asthana A, Bhatnagar I.

Chitosan as biomaterial in drug delivery and tissue engineering. Int J Biol Macromol
(2018) 110:97–109. doi: 10.1016/j.ijbiomac.2017.08.140
39. Yang S, Li Q, Mu Y, Ao J, Chen X. Functional activities of interferon gamma in

large yellow croaker Larimichthys crocea. Fish Shellfish Immunol (2017) 70:545–52. doi:
10.1016/j.fsi.2017.09.051
Frontiers in Immunology 10
40. Lee ST, Xiao Y, Muench MO, Xiao J, Fomin ME, Wiencke JK, et al. A global
DNA methylation and gene expression analysis of early human B-cell development
reveals a demethylation signature and transcription factor network. Nucleic Acids Res
(2012) 40:11339–51. doi: 10.1093/nar/gks957

41. Lio CW, Zhang J, Gonzalez-Avalos E, Hogan PG, Chang X, Rao A. Tet2 and Tet3
cooperate with B-lineage transcription factors to regulate DNA modification and
chromatin accessibility. Elife (2016) 5:e18290. doi: 10.7554/eLife.18290

42. Shukla V, Samaniego-Castruita D, Dong Z, Gonzalez-Avalos E, Yan Q, Sarma K,
et al. TET deficiency perturbs mature B cell homeostasis and promotes oncogenesis
associated with accumulation of G-quadruplex and R-loop structures. Nat Immunol
(2022) 23:99–108. doi: 10.1038/s41590-021-01087-w

43. Shaknovich R, Cerchietti L, Tsikitas L, Kormaksson M, De S, Figueroa ME, et al.
DNAmethyltransferase 1 and DNAmethylation patterning contribute to germinal center
B-cell differentiation. Blood (2011) 118:3559–69. doi: 10.1182/blood-2011-06-357996

44. Rosikiewicz W, Chen X, Dominguez PM, Ghamlouch H, Aoufouchi S, Bernard
OA, et al. TET2 deficiency reprograms the germinal center B cell epigenome and
silences genes linked to lymphomagenesis. Sci Adv (2020) 6:eaay5872. doi: 10.1126/
sciadv.aay5872
frontiersin.org

https://doi.org/10.1038/s41389-020-0210-7
https://doi.org/10.1016/j.carbpol.2021.119073
https://doi.org/10.1038/ni1389
https://doi.org/10.1016/j.tig.2022.03.010
https://doi.org/10.1038/nrg3230
https://doi.org/10.1016/j.ijbiomac.2017.08.140
https://doi.org/10.1016/j.fsi.2017.09.051
https://doi.org/10.1093/nar/gks957
https://doi.org/10.7554/eLife.18290
https://doi.org/10.1038/s41590-021-01087-w
https://doi.org/10.1182/blood-2011-06-357996
https://doi.org/10.1126/sciadv.aay5872
https://doi.org/10.1126/sciadv.aay5872
https://doi.org/10.3389/fimmu.2024.1363426
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	DNA methylation regulates B cell activation via repressing Pax5 expression in teleost
	Introduction
	Methods
	Experimental fish
	Leukocytes isolation
	Magnetic-activated cell separation
	Gene expression analysis by real-time quantitative PCR
	ELISA
	Phagocytosis assay
	CpG islands prediction and bisulfite sequencing PCR
	Dot blot assay
	Luciferase reporter assay
	Statistical analysis

	Results
	Enrichment of IgM+ B cells via MACS
	Efficient activation of IgM+ B cells through LPS and COS treatment
	BSP analysis of methylation level of CpG islands in Pax5 promoter region
	Inhibition of DNA methylation impaired Pax5 repression and B cell activation

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



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

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


