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Porcine epidemic diarrhea virus (PEDV) is an acute, highly contagious enterovirus

that infects pigs of all ages. The B cells are important for antigen presentation,

antibody production, and cytokine secretion to resist infection. However, the

role of B cells in PEDV infection remains unclear. In this study, the e�ects of

PEDV virulent (QY2016) and attenuated strains (CV777) on B cells sorted from

neonatal piglets, nursery piglets, and gilts were investigated. The results showed

that PEDV-QY2016 and PEDV-CV777 could significantly increase the expression

of CD54 and CD27 in B cells from neonatal piglets. The percentages of CD80,

MHC II, and IgM expressed on neonatal piglet B cells infected with PEDV-QY2016

were significantly lower than those expressed on the B cells infected with

PEDV-CV777. Both PEDV-QY2016 and PEDV-CV777 could stimulate IFN-α and

GM-CSF secretions in neonatal piglet B cells; IL-1, IFN-α, and IL-4 secretion in

nursery piglet B cells; and IL-1, TGF-β secretion, and GM-CSF in gilt B cells.

Furthermore, both PEDV-QY2016 and PEDV-CV777 could induce the secretion

of IgA, IgM, and IgG in nursery piglet B cells but could not induce the secretion of

IgA, IgM, and IgG in neonatal piglet B cells. The secretion of IgA, IgM, and IgGwas

significantly higher by the PEDV-CV777 strains infected B cells than those by the

PEDV-QY2016 strains infected gilt B cells. In conclusion, the surface molecule

expression, cytokine secretion, and antibody production of B cells induced by

PEDV are closely related to the ages of pigs and the virulence of the PEDV strain.

KEYWORDS

PEDV, B cells, surface molecules, cytokines, antibody

Introduction

Porcine epidemic diarrhea virus (PEDV) is an enveloped, single-stranded, positive-

sense RNA virus that belongs to the family Coronaviridae (Duarte et al., 1993). Although

the virus could infect all ages of pigs via fecal-oral transmission, mortality in neonatal

piglets is particularly high and could reach up to 100%. Similar to other porcine enteric

coronaviruses, PEDV infection causes vomiting, acute diarrhea, decreased appetite, and

dehydration. Following a large outbreak around 2010, PEDV has emerged as an imminent

threat in the swine industry worldwide (Jung and Saif, 2015; Wang et al., 2016; Zhang et al.,

2023). Recently, a few strategies have been employed to control PEDV outbreaks (Langel

et al., 2016; Jung et al., 2020). However, PEDV still occurs frequently due to rapid virus

mutation, which has led to tremendous economic losses in the swine industry worldwide.
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The complex interactions between PEDV and the host immune

system drive the process of PEDV infection, in which the

adaptive immune system plays an important role in inducing a

PEDV-specific immune response. The initiation of the adaptive

immune response depends on antigen-presenting cells (Brodsky

and Guagliardi, 1991). The activation and proliferation of these

antigen-presenting cells are regulated by the interaction of specific

antigens with their receptors. The antigen-presenting cells could

capture and present the antigens to T cells or B cells. Cellular

immunity mediated by T cells is important for defense against

intracellular microbes. Humoral immunity mediated by antibodies

that are secreted by B cells is mainly a defense against extracellular

microbes (Lam et al., 2020).

At present, the relationship between PEDV infection and T cells

has been described, which is mainly characterized by poor effector

cytotoxic activity (Yuan et al., 2021). The knowledge of the role

of B cells has been primarily focused on antibody secretion during

PEDV infection (Huang et al., 2019). B cells that recognize antigens

proliferate and differentiate into plasma cells that secrete different

classes of antibodies. These antibodies can both neutralize and clear

viral particles before the virus entry into the target cell (de Arriba

et al., 2002; Dang et al., 2014). In fact, as an important part of the

adaptive immune response, a variety of immune functions of B

cells, such as antibody secretion, antigen presentation, and immune

regulation, jointly mediate PEDV infection (Langel et al., 2016).

However, the role of B cells in PEDV infection is often overlooked,

and questions regarding the mechanism of B cell immune response

induced by PEDV remain unclear.

In this study, we aimed to provide information on the immune

mechanisms that occur after PEDV infection. We compared

the effects of PEDV infection on phenotypic changes, cytokine

secretion, and antibody production of B cells from pigs of different

ages. The similarities and differences of B cells’ immune responses

induced by PEDV virulent and attenuated strains were compared.

This study lays a foundation for an in-depth exploration of

the infection and immune mechanism of PEDV and guides the

research and development of more effective vaccines that induce

broadly protective and long-lasting antiviral immunity.

Materials and methods

Virus

PEDV-QY2016 strains (Gen Bank Accession No. MH244927)

and PEDV-CV777 strains (Gen Bank Accession No. KT323979)

were stored in the Animal Infectious Disease Laboratory of the

Abbreviations: PEDV, porcine epidemic diarrhea virus; ELISA, Enzyme-

Linked Immunosorbent Assay; PBMCs, peripheral blood mononuclear

cells; TGEV, transmissible gastroenteritis virus; PRRSV, porcine reproductive

and respiratory virus; PCV2, porcine circovirus type 2; PBS, phosphate-

bu�ered saline; MACS, magnet-activated cell sorting; MOI, multiplicity

of infection; hpi, hour post-infection; dpi, days post-infection; HRP,

horseradish peroxidase; TMB, tetramethylbenzidine; OD, optical density; SD,

standard deviation; IL, interleukin; M-CFS, macrophage colony-stimulating

factor; TGF, transforming growth factor; GM-CSF, granulocyte-macrophage

colony-stimulating factor; ICAM-1, intercellular adhesion molecule-1.

College of Veterinary Medicine, Hebei Agricultural University,

Baoding, China.

Reagents and antibodies

Porcine peripheral blood lymphocyte separation kit and red

blood cell lysing buffer were purchased from Solarbio Science &

Technology (Beijing) Co., Ltd. Enzyme-Linked Immunosorbent

Assay (ELISA) kits were purchased from Dongge Biological

(Beijing) Co., Ltd. Mouse Anti-Porcine CD21 IgG was purchased

from Southern Biotech (Alabama). Anti-FITC MicroBeads and

MiniMACS Starting kits were purchased from Miltenyi Biotec

(Bergisch-Gladbach). Anti-CD54/ICAM1 antibody was purchased

from Arigo (Taiwan). Mouse IgG1 kappa Isotype Control was

purchased from Invitrogen (Waltham). Goat anti-Pig IgM was

purchased from Bio-Rad (California). CD80 (B7-1) Monoclonal

Antibody was purchased from eBioscience (California). Mouse

anti-Pig-SLA Class II DR andmouse anti-MouseMHCClass I were

purchased from AbD Serotec (Kidlington).

Generation of porcine blood CD21+ B cells

Peripheral blood mononuclear cells (PBMCs) were isolated

from the blood of healthy neonatal piglets (5–7-day-old), weaned

piglets (5–6-week-old), and gilts (6–7-month-old) by density

centrifugation using a porcine peripheral blood lymphocyte

separation kit (Solarbio Science & Technology, Beijing, China).

The pigs were purchased from SPF Pig Breeding Management

Center, Beijing, China and were double negative for PEDV,

transmissible gastroenteritis virus (TGEV), porcine reproductive

and respiratory virus (PRRSV), and porcine circovirus type 2

(PCV2) nucleic acid and their antibodies. The blood samples from

pigs were diluted at a 1:1 ratio in peripheral blood lymphocyte

separation and centrifuged at 2,000 rpm for 20min. The white layer

was collected and washed with phosphate-buffered saline (PBS)

at 2,000 rpm for 10min; then the supernatant was completely

removed. The cells were resuspended and labeled with 20 µl

FITC-CD21 antibody at 4◦C for 15min. Then, PBMCs were

washed with 1ml buffer and incubated with 10 µl anti-FITC

MicroBeads (Miltenyi Biotech, Bergisch Gladbach, Germany) at

4◦C for 20min. Finally, the cells were washed with 2ml buffer

and resuspended in up to 500 µl buffer. The MS column was

placed in the magnetic field of the magnet-activated cell sorting

(MACS) separator. The column was prepared by rinsing with

1ml buffer. The cells were added to the column. Magnetically

labeled cells were flushed out by firmly pushing the plunger into

the tube, and CD21+ B cells were harvested. The purification

of CD21+ B cells was more than 90%, which could be used in

subsequent experiments.

Flow cytometric analysis

CD21+B cells sorted from neonatal piglets, weaned piglets, and

gilts were seeded in 24-well culture plates at 2 × 105 cells/well
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and then infected with PEDV virulent (QY2016) and attenuated

strains (CV777) at amultiplicity of infection (MOI) of 0.2 for 24 h at

37◦C, respectively. At the same time, a negative control group was

designed and treated with RPMI-1640. The cells were collected and

stained with the indicated antibody. After surface staining, the cells

were washed with PBS for three times. Then, the cell counts were

performed using a BD flow cytometer and phenotypically analyzed

by BD FACS software (BD Biosciences).

ELISA

CD21+B cells sorted from neonatal piglets, nursery piglets, and

gilts were seeded in 96-well culture plates at 5 × 104 cells/well

and then infected with PEDV virulent (QY2016) and attenuated

strains (CV777) at an MOI of 0.5 at 37◦C. At 0, 24, and 48 h

post infection (hpi), the supernatants were collected for cytokine

detection using the ELISA kit. In addition, the supernatants were

collected for antibody detection using the PEDV-IgG/IgM/IgA

ELISA kit at 0, 4, and 7 days post infection (dpi). Detailed steps

are as follows. Diluted standards and 100 µl supernatants from

each pig were added to the assay plate, which was incubated at

37◦C for 1 h. After washing the plate with wash buffer five times,

horseradish peroxidase (HRP)-conjugated antibodies were added

to each well. The plate was incubated at 37◦C for 30min, and each

well was washed five times. Subsequently, tetramethylbenzidine

(TMB) solution was added to each well to incubate in the dark at

room temperature for 15min. Finally, a stop solution was added,

and the optical density (OD) of each mixture was read at 450 nm

within 15 min.

Statistical analysis

All experiments were performed independently three times,

and variables are expressed as the means ± standard deviation

(SD). Statistical analyses were performed using a t-test. The p-

value of < 0.05 was considered significant, the p-value of < 0.01

was considered very significant, and the p-value of < 0.001 was

considered extremely significant.

Results

The expression of surface molecules on B
cells

We investigated the effect of PEDV virulent and attenuated

strains on the expression of CD54, CD80, class II MHC molecules,

IgM, and CD27 on the surface of B cells from neonate piglets,

nursery piglets, and gilts. As shown in Figure 1A, compared with

the PEDV-CV777 strains infection group and the negative group,

the percentage of CD80, MHC II, and IgM expressed on the surface

of B cells from neonatal piglets was significantly decreased after

thePEDV-QY2016 strains infection at 24 hpi. It was found that the

percentage of CD54 and CD27 expressed on the surface of B cells

was significantly higher in the PEDV-QY2016 or PEDV-CV777

strains infection group than those in the negative group. However,

compared with the negative group, the percentages of CD54, CD80,

MHC II, IgM, and CD27 on the surface of B cells from nursery

piglets and gilts in the PEDV-infected group were not significantly

different (Figures 1B, C). These results showed that PEDV mainly

affects the expression of B cell surface molecules in neonate piglets.

The levels of cytokines secreted by B cells

We next examined the differences in the secretion of some

important cytokines in B cells during PEDV infection. Compared

with the negative group, the PEDV-QY2016 strains infection

group had significantly increased the synthesis of interleukin (IL)-

1 and macrophage colony-stimulating factor (M-CSF), that is,

the IL-1 levels were significantly upregulated in nursery piglets

at 24 hpi (Figure 2A), and the M-CSF significantly increased

in neonatal piglets at 48 hpi (Figure 2B). In addition, after

infection with PEDV-CV777 strains, it was found that the

secretion levels of transforming growth factor (TGF)-β and IFN-

α were significantly higher in B cells from nursery piglets at

48 hpi (Figures 2C, D) and those of IL-4 significantly increased

from nursery piglets at 24 hpi (Figure 2E). Notably, PEDV-

CV777 strains had significantly increased granulocyte-macrophage

colony-stimulating factor (GM-CSF) secretion in B cells from

neonatal piglets, nursery piglets, and gilts at 48 hpi (Figure 2F).

These results showed that the cytokine profiles secreted by pig’s B

cells were different under the stimulation of PEDV-QY2016 and

PEDV-CV777 strains, and the cytokine responses of B cells from

newborn piglets, nursery pigs, and gilts were varying under the

same strain.

The change of antibody secreted by B cells

In testing for antibodies secreted by B cells in this study, no

difference was found in the levels of IgA, IgM, and IgG secreted

by B cells between the PEDV-QY2016 and PEDV-CV777 strains

infection group, remaining relatively consistent on a downward

trend in the neonatal piglet B cells from 4 to 7 dpi (Figure 3A). In

contrast, we observed that PEDV-QY2016 and PEDV-CV777 could

induce the secretion of IgA, IgM, and IgG in B cells from nursery

piglets at 4 dpi, while the level of IgG was significantly higher in

the PEDV-QY2016 strains infection group than that in the PEDV-

CV777 strains infection group in nursery piglets at 4 dpi. However,

the levels of IgA and IgM showed no significant difference in

the PEDV-QY2016 and PEDV-CV777 strains infection groups in

nursery piglets from 4 to 7 dpi (Figure 3B). Moreover, the IgA, IgM,

and IgG secreted by B cells between the PEDV-QY2016 and PEDV-

CV777 strains infection groups maintained a relatively consistent

upward trend in the gilt B cells from 4 to 7 dpi. The secretion of IgA,

IgM, and IgG in gilts B cells infected with the PEDV-CV777 strains

as significantly higher than that observed in gilts B cells infected

with the PEDV-QY2016 strains at 7 dpi (Figure 3C). These results

indicated that both PEDV-QY2016 or PEDV-CV777 strains could

induce the secretion of IgA, IgM, or IgG in B cells of nursery piglets

and gilts, but could not induce the secretion of IgA, IgM, and IgG

in B cells of neonatal piglets.
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FIGURE 1

E�ects of PEDV on B cell surface molecules. The percentage of CD54, CD80, class II MHC molecules, IgM, and CD27 on the surface of B cells from

neonate piglets (A), nursery piglets (B), and gilts (C) after PEDV virulent (QY2016) and attenuated strains (CV777) infection at 24 hpi were detected by

flow cytometry. * or ** indicate significant di�erences between two groups statistically (p < 0.05 and p < 0.001).

Discussion

PEDV is a highly contagious enterovirus that could infect pigs

of all ages, causing serious harm to the pig industry worldwide

(Jung et al., 2020). The PEDV infection is controlled by a

complex and concerted response of host innate immunity and

adaptive immunity (Lin et al., 2022; Zhang et al., 2023). Thorough

knowledge of the humoral immune response to PEDV is essential

to better understand host defense mechanisms. B cells play an

important role in the humoral immune response (Lipsky, 2001).

However, little is known about the role of B cells in humoral

immune responses to PEDV. Therefore, in this study, pigs of

different ages were selected as research objects to study the surface

molecules, cytokine secretion, and antibody production of B cells

stimulated by PEDV virulent (QY2016) and attenuated strains

(CV777), clarifying the effects of different strains on B-cell response

and the difference of age on B-cell immune response induced

by PEDV. Indeed, antiviral immunity-induced complex innate

and adaptive antiviral immune responses require the activation

of many immune cells, including T cells, natural killer cells,

macrophages, and B cells. However, because experiments with

animals, especially larger animals, are more expensive or limited

by animal ethics, many experiments are often performed in vitro

using cell or tissue models (Olayanju et al., 2019; Zhang et al.,

2022). Therefore, although this study utilized B cells as an in vitro

model, it does not fully recapitulate the complexity of anti-infection

responses in hosts. The results can still reflect the immune response

characteristics of porcine B cells stimulated by different PEDV

strains and provide an important basis for further studies in vivo.

B cells are derived from mammalian bone marrow, and

peripheral blood lymphocytes account for 5%−25% of the total

B cells (Chousterman and Swirski, 2015; Wang et al., 2020). In

addition, B cells have the characteristics of convenient source

and avoidance of contamination. Therefore, based on various

studies (Crawley et al., 2003), CD21+ B cells were selected as the

experimental model to analyze the immune responses of B cells

from pigs of different ages against PEDV virulent or attenuated

strains. The costimulatory molecule expressions of B cells are

closely related to B cell antigen presentation, B cell activation, and

proliferation (Cai and Yin, 2020). For example, activated B cells

could upregulate the expression of MHC II, and antigen peptides

can be combined with MHC II to form complexes and present

them to T cells (Sproul et al., 2000). The CD80 molecule expressed

on activated B cells is believed to be important in eliciting a T

cell response via its ligands CD28 and CTLA-4 (Linsley et al.,

1991; Azuma et al., 1993; Freeman et al., 1993). The CD54, also

known as intercellular adhesion molecule-1 (ICAM-1), is involved

in the activation process of T cells and B cells and plays a role

in inflammatory response and acquired immune response. In this

study, compared with the negative controls, the percentages of

CD54, CD80, MHC II, IgM, and CD27 on the surface of PEDV-

infected B cells from neonatal piglets were significantly different

from those of nursery piglets and gilts. Based on B cell phenotype

detection, the results indicated that age affected the immune

response of B cells activated by PEDV virulent (QY2016) and

attenuated strains (CV777), that is, PEDV had weak activation

ability on B cells from nursery piglets and gilts.

B cells could regulate the immune response by secreting

cytokines. B cells could produce a variety of inflammatory

cytokines, such as IL-1, IL-6, and IL-10, which are involved

in antiviral defense, and these cytokines not only act as innate

signals but also affect T-cell polarization (Shen and Fillatreau,

2015). At the same time, the division and differentiation of B

cells into immunoglobulin-producing plasma cells is induced by

IL-4(Lam et al., 2020). Moreover, B cells could also produce

TGF-β, which induces naive CD4+ T cells and immature DCs

to differentiate into Treg cells and tolerate DC transformation,

respectively (Matsushita, 2019). The GM-CSF is a potent activator

of various cells such as granulocytes, monocytes/macrophages,

and eosinophils (Hamilton and Achuthan, 2013). The present

study found that the inflammatory, regulatory, and other cytokines

secreted by pigs of different ages significantly differed after PEDV

virulent (QY2016) and attenuated strains (CV777) infection.

In addition to antigen presentation and cytokine secretion,

B cells play a critical role in the process of anti-PEDV antibody

production. Clinically, to control PEDV infection, gilt herds are

immunized using the live and attenuated PEDV vaccines to

stimulate antibodies against PEDV via the gut-mammary axis. The

antibodies developed against PEDV in gilts could be transferred

to neonatal piglets via colostrum/milk (Langel et al., 2016).

Meanwhile, the number of studies have suggested that antibodies

induced by PEDV play a role in protecting piglets from PEDV
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FIGURE 2

Dynamic changes of IL-1, M-CSF, TGF-β, IFN-α, IL-4, and GM-CSF secreted by B cells infected with PEDV. The supernatant of PEDV-infected B cells

from neonate piglets, nursery piglets, and gilts was collected after PEDV virulent (QY2016) and attenuated strains (CV777) infection at 0, 24, and 48

hpi, and the secretion level of cytokine IL-1 (A), M-CSF (B), TGF-β (C), IFN-α (D), IL-4 (E), and GM-CSF (F) was detected by ELISA. The concentration

ratio is the result of the PEDV infection group compared with the negative control group. *Indicates significant di�erence between PEDV virulent

(QY2016) and attenuated strains (CV777; p < 0.05). **Indicates significant di�erence between PEDV virulent (QY2016) and attenuated strains (CV777;

p < 0.01). ***Indicates significant di�erence between PEDV virulent (QY2016) and attenuated strains (CV777; p < 0.001).
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FIGURE 3

Dynamic changes of IgA, IgM, and IgG secreted by PEDV-infected B cells from neonate piglets, nursery piglets, and gilts. The supernatant of

PEDV-infected B cells from neonate piglets (A), nursery piglets (B), and gilts (C) was collected after PEDV virulent (QY2016) and attenuated strains

(CV777) infection at 0, 4, and 7 dpi, and the level of IgA, IgM, and IgG was detected by ELISA. The concentration ratio is the concentration of IgA, IgM,

or IgG in the PEDV-infected group vs. the negative control group. *Indicates significant di�erence between PEDV virulent (QY2016) and attenuated

strains (CV777; p < 0.05). **Indicates significant di�erence between PEDV virulent (QY2016) and attenuated strains (CV777; p < 0.01).

infection (Langel et al., 2019; Wen et al., 2019). Recently, we have

reported that 21-day-old piglets have poor systemic and intestinal

isotype-specific antibody responses and weak serum-neutralizing

activities against the PEDV strain (Guo et al., 2020). However,

several studies have found that high PEDV-specific IgG and IgA

were produced after gilt infection (Gerber et al., 2014; Ouyang

et al., 2015). Similarly, we found that neither the PEDV virulent

(QY2016) nor the attenuated strains (CV777) could induce the

secretion of IgA, IgM, and IgG of B cells from neonatal piglets,

while both strains could induce the secretion of IgA, IgM, and

IgG of B cells from nursery piglets and gilts. The secretion of

IgA, IgM, and IgG was significantly higher in gilts B cells infected

with the PEDV-CV777 strains than that in gilts B cells infected

with the PEDV-QY2016 strains. It was suggested that the B-cell

antibody response induced by PEDV was closely related to the ages

of pigs and the virulence of the PEDV strain. In addition, this

study provides an important reference for explaining why PEDV

mainly causes the disease in neonatal piglets and suggests that the

PEDV attenuated strain is not suitable for the immunization of

neonatal piglets.

For the first time, this study evaluates the immune response of

B cells from pigs of different ages to PEDV virulent and attenuated

strains in vitro. The results indicate that the surface molecule

expression, cytokine secretion, and antibody production of B cells

induced by PEDV are closely related to the ages of pigs and the

virulence of the PEDV strain. Compared with the PEDV-CV777

strains, B cell responses to PEDV-QY2016 strains are weaker,

and the immune response of B cells of neonatal piglets and gilts

to PEDV is lower than that of nursery piglets. This study is of

great significance to elucidate the pathogenic mechanism of PEDV

and analyze the characteristics of response to PEDV in pigs of

different ages.

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 Hebei Agricultural

University (China) Animal Welfare and Ethical Review

Frontiers inMicrobiology 06 frontiersin.org

https://doi.org/10.3389/fmicb.2024.1344344
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Yuan et al. 10.3389/fmicb.2024.1344344

Board (Permit Number: 1820026). The study was

conducted in accordance with the local legislation and

institutional requirements.

Author contributions

CY: Data curation, Project administration, Writing—original

draft. XZ: Data curation, Project administration, Writing—

original draft. YF: Data curation, Writing—review & editing.

LC: Project administration, Writing—review & editing. YL:

Project administration, Writing—review & editing. TL: Resources,

Writing—review & editing. QS: Funding acquisition, Supervision,

Writing—review & editing.

Funding

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

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

study was supported by the National Natural Science Foundation

of China (31372441 and 31772738) and the Research Funding of

Hebei Agricultural University.

Acknowledgments

We thank Prof. Jicheng Lu (Baoding Animal Disease

Prevention and Control Center) for technical support in animal

challenge experiments.

Conflict of interest

The authors declare that the research was conducted

in the absence of any commercial or financial relationships

that could be construed as a potential conflict of

interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

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

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

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

endorsed by the publisher.

References

Azuma, M., Ito, D., Yagita, H., Okumura, K., Phillips, J. H., Lanier, L. L., et al.
(1993). B70 antigen is a second ligand for CTLA-4 and CD28. Nature 366, 76–79.
doi: 10.1038/366076a0

Brodsky, F. M., and Guagliardi, L. E. (1991). The cell biology of
antigen processing and presentation. Annu. Rev. Immunol. 9, 707–744.
doi: 10.1146/annurev.iy.09.040191.003423

Cai, Y., and Yin, W. (2020). The multiple functions of B cells in chronic HBV
infection. Front. Immunol. 11:582292. doi: 10.3389/fimmu.2020.582292

Chousterman, B. G., and Swirski, F. K. (2015). Innate response activator B cells:
origins and functions. Int. Immunol. 27, 537–541. doi: 10.1093/intimm/dxv028

Crawley, A., Raymond, C., and Wilkie, B. N. (2003). Control of immunoglobulin
isotype production by porcine B-cells cultured with cytokines. Vet. Immunol.
Immunopathol. 91, 141–154. doi: 10.1016/S0165-2427(02)00293-3

Dang, V. D., Hilgenberg, E., Ries, S., Shen, P., and Fillatreau, S. (2014). From the
regulatory functions of B cells to the identification of cytokine-producing plasma cell
subsets. Curr. Opin. Immunol. 28, 77–83. doi: 10.1016/j.coi.2014.02.009

de Arriba, M. L., Carvajal, A., Pozo, J., and Rubio, P. (2002). Isotype-specific
antibody-secreting cells in systemic and mucosal associated lymphoid tissues and
antibody responses in serum of conventional pigs inoculated with PEDV. Vet.
Immunol. Immunopathol. 84, 1–16. doi: 10.1016/S0165-2427(01)00386-5

Duarte, M., Gelfi, J., Lambert, P., Rasschaert, D., and Laude, H. (1993). Genome
organization of porcine epidemic diarrhoea virus. Adv. Exp. Med. Biol. 342, 55–60.
doi: 10.1007/978-1-4615-2996-5_9

Freeman, G. J., Gribben, J. G., Boussiotis, V. A., Ng, J. W., Restivo, V.
A. Jr., Lombard, L. A., et al. (1993). Cloning of B7-2: a CTLA-4 counter-
receptor that costimulates human T cell proliferation. Science 262, 909–911.
doi: 10.1126/science.7694363

Gerber, P. F., Gong, Q., Huang, Y.W., Wang, C., Holtkamp, D., Opriessnig, T., et al.
(2014). Detection of antibodies against porcine epidemic diarrhea virus in serum and
colostrum by indirect ELISA. Vet. J. 202, 33–36. doi: 10.1016/j.tvjl.2014.07.018

Guo, H., Yao, Z., Chen, L., Li, L., Li, Y., Wang, Y., et al. (2020). Humoral immune
responses in piglets experimentally infected with a field strain of porcine epidemic
diarrhea virus. Vet. Microbiol. 246:108742. doi: 10.1016/j.vetmic.2020.108742

Hamilton, J. A., and Achuthan, A. (2013). Colony stimulating factors
and myeloid cell biology in health and disease. Trends Immunol. 34, 81–89.
doi: 10.1016/j.it.2012.08.006

Huang, L., Wang, J., Wang, Y., Zhang, E., Li, Y., Yu, Q., et al. (2019). Upregulation
of CD4(+)CD8(+) memory cells in the piglet intestine following oral administration

of Bacillus subtilis spores combined with PEDVwhole inactivated virus.Vet. Microbiol.
235, 1–9. doi: 10.1016/j.vetmic.2019.06.003

Jung, K., and Saif, L. J. (2015). Porcine epidemic diarrhea virus infection:
etiology, epidemiology, pathogenesis and immunoprophylaxis. Vet. J. 204, 134–143.
doi: 10.1016/j.tvjl.2015.02.017

Jung, K., Saif, L. J., and Wang, Q. (2020). Porcine epidemic diarrhea virus (PEDV):
an update on etiology, transmission, pathogenesis, and prevention and control. Virus
Res. 286:198045. doi: 10.1016/j.virusres.2020.198045

Lam, J. H., Smith, F. L., and Baumgarth, N. B. (2020). Cell activation
and response regulation during viral infections. Viral Immunol. 33, 294–306.
doi: 10.1089/vim.2019.0207

Langel, S. N., Paim, F. C., Alhamo, M. A., Buckley, A., Van Geelen, A., Lager,
K. M., et al. (2019). Stage of gestation at porcine epidemic diarrhea virus infection
of pregnant swine impacts maternal immunity and lactogenic immune protection of
neonatal suckling piglets. Front. Immunol. 10:727. doi: 10.3389/fimmu.2019.00727

Langel, S. N., Paim, F. C., Lager, K. M., Vlasova, A. N., and Saif, L. J.
(2016). Lactogenic immunity and vaccines for porcine epidemic diarrhea
virus (PEDV): historical and current concepts. Virus Res. 226, 93–107.
doi: 10.1016/j.virusres.2016.05.016

Lin, F., Zhang, H., Li, L., Yang, Y., Zou, X., Chen, J., et al. (2022). PEDV: insights
and advances into types, function, structure, and receptor recognition. Viruses 14:1744.
doi: 10.3390/v14081744

Linsley, P. S., Brady, W., Grosmaire, L., Aruffo, A., Damle, N. K., Ledbetter, J.
A., et al. (1991). Binding of the B cell activation antigen B7 to CD28 costimulates T
cell proliferation and interleukin 2 mRNA accumulation. J. Exp. Med. 173, 721–730.
doi: 10.1084/jem.173.3.721

Lipsky, P. E. (2001). Systemic lupus erythematosus: an autoimmune disease of B cell
hyperactivity. Nat. Immunol. 2, 764–766. doi: 10.1038/ni0901-764

Matsushita, T. (2019). Regulatory and effector B cells: friends or foes? J. Dermatol.
Sci. 93, 2–7. doi: 10.1016/j.jdermsci.2018.11.008

Olayanju, A., Jones, L., Greco, K., Goldring, C. E., and Ansari, T. (2019).
Application of porcine gastrointestinal organoid units as a potential in vitro tool
for drug discovery and development. J. Appl. Toxicol. 39, 4–15. doi: 10.1002/ja
t.3641

Ouyang, K., Shyu, D. L., Dhakal, S., Hiremath, J., Binjawadagi, B., Lakshmanappa,
Y. S., et al. (2015). Evaluation of humoral immune status in porcine epidemic
diarrhea virus (PEDV) infected sows under field conditions. Vet. Res. 46:140.
doi: 10.1186/s13567-015-0285-x

Frontiers inMicrobiology 07 frontiersin.org

https://doi.org/10.3389/fmicb.2024.1344344
https://doi.org/10.1038/366076a0
https://doi.org/10.1146/annurev.iy.09.040191.003423
https://doi.org/10.3389/fimmu.2020.582292
https://doi.org/10.1093/intimm/dxv028
https://doi.org/10.1016/S0165-2427(02)00293-3
https://doi.org/10.1016/j.coi.2014.02.009
https://doi.org/10.1016/S0165-2427(01)00386-5
https://doi.org/10.1007/978-1-4615-2996-5_9
https://doi.org/10.1126/science.7694363
https://doi.org/10.1016/j.tvjl.2014.07.018
https://doi.org/10.1016/j.vetmic.2020.108742
https://doi.org/10.1016/j.it.2012.08.006
https://doi.org/10.1016/j.vetmic.2019.06.003
https://doi.org/10.1016/j.tvjl.2015.02.017
https://doi.org/10.1016/j.virusres.2020.198045
https://doi.org/10.1089/vim.2019.0207
https://doi.org/10.3389/fimmu.2019.00727
https://doi.org/10.1016/j.virusres.2016.05.016
https://doi.org/10.3390/v14081744
https://doi.org/10.1084/jem.173.3.721
https://doi.org/10.1038/ni0901-764
https://doi.org/10.1016/j.jdermsci.2018.11.008
https://doi.org/10.1002/jat.3641
https://doi.org/10.1186/s13567-015-0285-x
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Yuan et al. 10.3389/fmicb.2024.1344344

Shen, P., and Fillatreau, S. (2015). Antibody-independent functions of B cells: a
focus on cytokines. Nat. Rev. Immunol. 15, 441–451. doi: 10.1038/nri3857

Sproul, T. W., Cheng, P. C., Dykstra, M. L., and Pierce, S. K. (2000). A role for
MHC class II antigen processing in B cell development. Int. Rev. Immunol. 19, 139–155.
doi: 10.3109/08830180009088502

Wang, D., Fang, L., and Xiao, S. (2016). Porcine epidemic diarrhea in China. Virus
Res. 226, 7–13. doi: 10.1016/j.virusres.2016.05.026

Wang, Y., Liu, J., Burrows, P. D., and Wang, J. Y. B. (2020). Cell development and
maturation. Adv. Exp. Med. Biol. 1254, 1–22. doi: 10.1007/978-981-15-3532-1_1

Wen, Z., Xu, Z., Zhou, Q., Li, W., Wu, Y., Du, Y., et al. (2019). A heterologous
’prime-boost’ anti-PEDV immunization for pregnant sows protects neonatal piglets

through lactogenic immunity against PEDV. Lett. Appl. Microbiol. 69, 258–263.
doi: 10.1111/lam.13197

Yuan, C., Li, Y., Zhang, E., Jin, Y., and Yang, Q. (2021). The mechanism of PEDV-
carrying CD3(+) T cells migrate into the intestinal mucosa of neonatal piglets. Viruses
13:469. doi: 10.3390/v13030469

Zhang, H., Zou, C., Peng, O., Ashraf, U., Xu, Q., Gong, L., et al. (2023).
Global dynamics of porcine enteric coronavirus PEDV epidemiology, evolution, and
transmission.Mol. Biol. Evol. 40:msad052. doi: 10.1093/molbev/msad052

Zhang, M., Lv, L., Cai, H., Li, Y., Gao, F., Yu, L., et al. (2022). Long-term expansion
of porcine intestinal organoids serves as an in vitromodel for swine enteric coronavirus
infection. Front. Microbiol. 13:865336. doi: 10.3389/fmicb.2022.865336

Frontiers inMicrobiology 08 frontiersin.org

https://doi.org/10.3389/fmicb.2024.1344344
https://doi.org/10.1038/nri3857
https://doi.org/10.3109/08830180009088502
https://doi.org/10.1016/j.virusres.2016.05.026
https://doi.org/10.1007/978-981-15-3532-1_1
https://doi.org/10.1111/lam.13197
https://doi.org/10.3390/v13030469
https://doi.org/10.1093/molbev/msad052
https://doi.org/10.3389/fmicb.2022.865336
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

	Comparison of B cells' immune response induced by PEDV virulent and attenuated strains
	Introduction
	Materials and methods
	Virus
	Reagents and antibodies
	Generation of porcine blood CD21+ B cells
	Flow cytometric analysis
	ELISA
	Statistical analysis

	Results
	The expression of surface molecules on B cells 
	The levels of cytokines secreted by B cells 
	The change of antibody secreted by B cells

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


