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African swine fever virus (ASFV) is one of the most complex viruses. ASFV is a

serious threat to the global swine industry because no commercial vaccines

against this virus are currently available except in Vietnam. Moreover, ASFV is

highly stable in the environment and can survive in water, feed, and aerosols for a

long time. ASFV is transmitted through the digestive and respiratory tract.

Mucosal immunity is the first line of defense against ASFV. Saccharomyces

cerevisiae (SC), which has been certified by the U.S. Food and Drug

Administration and has a generally recognized as safe status in the food

industry, was used for oral immunization in this study. ASFV antigens were

effectively expressed in recombinant SC strains with high DNA copy numbers

and stable growth though surface display technology and chromosome

engineering (d-integration). The recombinant SC strains containing eight ASFV

antigens—KP177R, E183L, E199L, CP204L, E248R, EP402R, B602L, and B646L—

induced strong humoral and mucosal immune responses in mice. There was no

antigenic competition, and these antigens induced Th1 and Th2 cellular immune

responses. Therefore, the oral immunization strategy using recombinant SC

strains containing multiple ASFV antigens demonstrate potential for future

testing in swine, including challenge studies to evaluate its efficacy as a

vaccine against ASFV.
KEYWORDS
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1 Introduction

African swine fever (ASF) is an acute, febrile, highly contagious

infectious disease caused by the African swine fever virus (ASFV)

and affects pigs and wild boars (1). ASFV has high morbidity and

mortality, posing a significant threat to the global pig industry (2).

ASFV, from the Asfarviridae family, is a large (250-260 nm in

diameter) icosahedral virus with a multi-layer coating structure and

double-stranded DNA (3). ASFV is the only known DNA virus

transmitted by arthropods (4). This virus has various components,

including a genome, nucleocapsid, inner capsid, and outer capsid.

Further, the virus contains at least 160 open reading frames and

more than 160 proteins (5). However, given the genomic

complexity, unique biological characteristics, and our limited

understanding of ASFV, the development of effective vaccines has

faced significant obstacles (6, 7). The first reported case of ASF

occurred in Kenya in 1921, and ASFV spread to Europe in 1960.

ASFV was detected in the Russian Federation in 2007, China in

2018, and other Asian countries, including Vietnam, Mongolia, and

Cambodia, in subsequent years (4, 8–10). Given the serious threat to

the pig industry, food security, and economic trade, ASF has been

listed as a notifiable animal disease by the World Organization for

Animal Health, and China categorizes it as a category I animal

disease (11, 12). Thus, developing safe and effective vaccines against

ASFV is essential.

ASFV-inactivated vaccines generate high levels of antibodies

but offer limited immune protection when prepared using

traditional methods. Additionally, the use of adjuvants did not

improve the efficiency of ASFV-inactivated vaccines (13). ASFV

vaccines are typically produced from live attenuated viruses, protein

subunits, or recombinant vectors (14, 15). Live attenuated ASFV

vaccines require robust safety testing, before being considered safe

for widespread use (16–19). Subunit vaccines have limited efficacy

because of the lack of effective delivery systems and knowledge

about protective antigens (20, 21). A previous study demonstrated

that a mixture of eight viral antigens protected pigs against a lethal

dose of ASFV (22). Moreover, combined immunization

(intramuscular injection + nasal immunization) with five viral

vector antigens protected pigs against virulent ASFV strains (11).

While there are currently no commercial vaccines against ASFV

available except in Vietnam (23), these successful cases demonstrate

that cellular and humoral immune responses induced by

recombinant vector-based ASFV antigen vaccines can effectively

protect hosts. Additionally, mucosal immune defenses triggered by

ora l immuniza t ion can prevent v i rus invas ion and

secondary transmission.

As an expression host, the eukaryotic yeast Saccharomyces

cerevisiae (SC) possesses post-translational modifications and can

tolerate harsh environmental conditions (24). SC is easy to

manipulate genetically, decreasing production costs. Additionally,

SC has been approved for safety by the U.S. Food and Drug

Administration (FDA) and holds a generally recognized as safe

(GRAS) status in the food industry. The recombinant SC strains

allows the production of highly glycosylated foreign proteins. This

glycosylation process can lead to MHC-restricted antigen

presentation in mammals, activating T lymphocytes (25). SC
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activates CD8+ cells via antigen cross-presentation, stimulating

antigen-specific cell killing (26). Additionally, the cell wall of SC

contains b-glucan and mannan, which are excellent adjuvants.

Specifically, b-glucan targets immune cells through pathogen-

associated molecular patterns, activating immune cells to regulate

immune responses (27). Mannan promotes the maturation and

differentiation of dendritic cells. Moreover, mannan binds to

complement receptors and facilitates macrophage phagocytosis,

enhancing the cytotoxicity of natural killer cells (28). SC interacts

with the mannan receptor (CD206) on dendritic cells, enhancing

the ability of these cells to recognize and present antigens (29). One

of the primary considerations when expressing heterologous

antigens in yeast is the selection of suitable vectors. Conventional

episomal plasmids in SC can maintain 5 to 30 copy numbers,

improving gene expression (30). However, these plasmids often lack

stability and cannot be cultured for extended periods under non-

selective conditions, hindering large-scale production (31).

Moreover, the yeast genome contains 425 copies of the d-
sequence. Gene copy numbers can be increased using d-sequences
as target sites in the yeast genome for homologous recombination.

Nevertheless, achieving high-copy integration and stable expression

is challenging (32).

Dendritic cells (DCs) are crucial in pathogen recognition and

activating adaptive immune responses due to their strong antigen-

presenting ability (33). A targeting molecule called Dendritic cell

targeting peptide (DCpep) enhances DCs’ efficiency in recognizing

and taking up antigens, thus boosting the immune response (34). In

gastrointestinal immunity, DCs located in the subepithelial dome

(SED) region below the follicle-associated epithelium (FAE) play a

significant role by directly capturing antigens from M cells (35–38).

Immature DCs are highly efficient in antigen phagocytosis and

mature into active DCs upon antigen uptake or specific stimuli.

Recognition of pathogen-associated molecular patterns (PAMP) or

damage-associated molecular patterns (DAMP) by pattern

recognition receptors (PRRs) triggers DC activation and

maturation (39). Upon reaching a lymph node, immature DCs

mature further and can influence adaptive immunity by

upregulating antigen presentation mechanisms, including MHC-

II, costimulatory molecules, and pro-inflammatory cytokines (40,

41). These mature DCs then migrate to the T-cell area of lymphoid

tissue to stimulate antigen-specific T cells (39).

We previously identified several protective ASFV antigens

through literature search. Of these, eight antigens—KP177R,

E183L, E199L, CP204L, E248R, EP402R, B602L, and B646L—

were strongly implicated in the adsorption, internalization,

endocytosis, and membrane fusion of ASFV (3, 42–45). However,

most of these proteins possess transmembrane regions, nuclear

localization signals, or endoplasmic reticulum localization signals,

hindering expression on the surface of SC strains. To overcome this

limitation, we performed biological analysis and immunological

identification of the antigenic regions of these proteins. In this

paper, we selected eight truncated antigenic regions. By d-
integration and high-throughput screening, we successfully

obtained eight recombinant SC strains that efficiently expressed

ASFV antigens on the cell surface. Furthermore, we conducted an

evaluation of immunogenicity and antigenic competition in orally
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immunized mice with these recombinant SC strains, aiming to

determine their potential for future challenge testing in swine.
2 Materials and methods

2.1 Ethical statement

The animal studies were approved by the Ministry of

Agriculture and Rural Affairs of China and the Animal Care and

Use Committee of Huazhong Agriculture University (HZAUSW-

2022–0030). Every effort was made to minimize animal pain,

suffering, and distress and to reduce the number of animals used.
2.2 Yeast strains, media, and
culture conditions

The SC strain EBY100, commonly used as a yeast surface

display system, was plated on yeast extract peptone dextrose

(YPD) agar medium (20 g/L glucose, 20 g/L tryptone, and 10 g/L

yeast cell extract [Sigma]). Plasmid vectors were transformed into

host yeast cells using the lithium acetate method, as described

previously (32). SC transformants were selected on synthetic

minimal SD medium supplemented with auxotrophic

requirements. Single transformants were plated on YPD medium

and cultured in an incubator at 30°C for 48 h. Genomic DNA was

analyzed by PCR using a yeast colony PCR kit (Weidi Bio,

Shanghai, China) and a vector universal primer pair (F:5`-

C C C A G G C T T T A C A C T T T A T G C T T - 3 ` , R : 5 ` -

GCCAGCTTTTGTTCCCTTTAGTGAG-3`) to confirm correct

recombination. PCR products were separated on a 1% (w/v)

agarose/TAE gel. The expression of recombinant proteins was

induced at 30°C for 48 h. After induction, all recombinant SC

strains were preserved in 50% glycerol and stored at −80°C

until use.
2.3 Construction of EBY100/pTy1E
−ASFV antigens

The amino acid sequences of KP177R, E183L, E199L, CP204L,

E248R, EP402R, B602L, and B646L were obtained based on the

genome sequence of the ASFV HLJ strain (MK333180). The antigen

structure, hydrophilicity, and epitopes were predicted and analyzed

to select the optimal antigen region for gene synthesis. Codon

optimization and ASFV gene synthesis were performed by

GenScript Biotech Corporation. The synthesized genes were

cloned into pUC57, and the sequence was confirmed by

sequencing. The genes encoding KP177R, E183L, E199L, CP204L,

E248R, EP402R, B602L, and B646L were linked in tandem and

subcloned into the yeast expression vector pTy1E containing a V5

tag at the C-terminal using the NEBuilder HiFi DNA Assembly

Master Mix (New England Biolabs, Inc.). The obtained plasmids—

pTy1E-KP177R, pTy1E-E183L, pTy1E-E199L, pTy1E-CP204L,

pTy1E-E248R, pTy1E-EP402R, pTy1E-B602L, and pTy1E-B646L
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—were linearized with EcoR1 (New England Biolabs, Inc.) to

remove the antibiotic resistance gene. The linearized plasmids

were used to transform the host strain EBY100.
2.4 Measurement of gene copy number by
quantitative polymerase chain reaction

Total DNA was extracted from snap-frozen yeast cell samples

using the VAMNE Magnetic Pathogen DNA Kit (Novizan,

Nanjing, China). The copy number was determined by comparing

the Ct values of target genes and internal reference genes, as

described previously. A specific DNA fragment in the pTy1E

plasmid was selected as the target gene, and ACT1 served as the

internal reference. The qPCR standard curve was analyzed using the

pTy1E plasmid and pMD18T plasmid (containing one copy of

ACT1) as templates. The target gene was amplified using primer

pair (F:5`-CCCAGGCTTTACACTTTATGCTT-3`, R: 5`-

GCCAGCTTTTGTTCCCTTTAGTGAG-3`), while the internal

reference gene was amplified using primer pair (F:5`-

ATGTTTAGAGGTTGCTGCTTTGGTT - 3 ` , R : 5 ` -

TAGATGGGAAGACAGCACGAGGA-3`). qPCR analysis was

conducted using the QuantStudio 6 system (Applied Biosystems,

Waltham, MA, USA).
2.5 Analysis of genetic stability

Recombinant strains with different copy numbers were

subcultured to ensure the growth stability and genetic stability of

strains by d-integration. For that purpose, strains were grown until

OD600 reached 0.1, and 1% of the culture was transferred to 5 mL of

YPD medium. Subsequently, the strains were subcultured 50 times.

Strains from subcultures 1, 10, 20, 30, 40 and 50 were used as seeds

for cultivation and analysis.
2.6 Measurement of ASFV
antigen expression

Recombinant yeast strains expressing different antigens were

used in the experiments. The pellet of approximately 107 cells

(OD600 = 1) was collected 48 h after induction. The pellet was

washed thrice with 500 µL of PBS for subsequent analysis using

Western blot t ing , indirect immunofluorescence , and

flow cytometry.

For Western blotting, proteins were analyzed by SDS-PAGE

and transferred to nitrocellulose membranes. The membranes were

blocked with TBST containing 5% skimmilk powder and 2% bovine

serum albumin (BSA) for 2 h at room temperature. Then, the blots

were incubated with anti-V5 monoclonal antibody (Biodragon,

Beijing) overnight at 4°C, followed by incubation with

horseradish peroxidase (HRP)-labeled goat anti-mouse IgG

(Biodragon , Be i j ing) for 1 h at room temperature .

Immunoreactive bands were visualized using an enhanced

chemiluminescence system (Advansta, San Jose, CA, USA). For
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indirect immunofluorescence and flow cytometric analyses, SC cell

pellet samples were blocked with 5% BSA at 30°C for 2 h and then

incubated with anti-V5 monoclonal antibody at 30°C for 2 h,

followed by incubation with DyLight 488-labeled goat anti-mouse

IgG (Biodragon, Beijing) for 90 min at 30°C. Then, 5 µL of SC cells

were used in immunofluorescence assays (Olympus, Tokyo, Japan),

and 300 µL of yeast cells were analyzed by flow cytometry (Agilent,

United States).
2.7 Mouse vaccination

Eight-week-old female BALB/c mice were randomly divided

into 10 groups of five mice. One group was orally immunized with

EBY100 (2.0 × 109 CFU) and served as a control. Immunization was

performed every 14 days, with a total of three immunizations.

Mouse serum and fecal samples were collected 14, 28, and 42 days

after the first immunization. On day 42, the mice were euthanized,

and serum samples and spleen cells were collected for analysis by

ELISA, flow cytometry, and ELISpot.
2.8 Quantification of ASFV-specific IgG and
IgA titers by ELISA

Antigen-specific IgG and IgA antibodies in mouse serum and

stool were quantified by ELISA. In brief, a 96-well plate was coated

with 100 ng of KP177R, E183L, E199L, CP204L, E248R, EP402R,

B602L, or B646L protein (Wuhan Keqian Biology Co., Ltd., Wuhan,

China) overnight at 4°C. The plate was blocked with PBST and 5%

skim milk for 2 h at room temperature. Serially diluted serum

samples or fecal samples were added to each well, followed by

incubation at 37°C for 2 h. HRP-conjugated goat anti-mouse IgG

(Abcam, ab97023), IgG1 (Abcam, ab97240), IgG2a (Abcam,

ab97245), or IgA (Abcam, ab97235) antibodies were added to the

wells, followed by incubation at 37°C for 1 h. The assays were

performed using 3,3′,5,5′-tetramethylbenzidine as the colorimetric

substrate, and the optical density was measured at 450 nm. The cut-

off value was determined by calculating the OD450 + 3 SDs of serum

samples from unvaccinated animals. The endpoint titer was

calculated as the reciprocal of the highest serum dilution at which

OD450 was equal to or greater than the cut-off value.
2.9 Analysis of cellular immune responses
induced by recombinant SC strains-
immunized mice using ELISpot and
flow cytometry

ELISpot assays were conducted using freshly isolated mouse

spleen lymphocytes to evaluate antigen-specific cellular immunity

using IFNg- or IL-4-secreting cells. Sterile 96-well microtiter plates

were activated in RPMI-1640 and precoated with mouse IFN-g
(MabTech, 3321-4AST-2) or IL-4 (MabTech, 3311-4APW-2).

Spleen lymphocytes were isolated using mouse lymphocyte

separation medium (Dakewei, Beijing, China, 7211011), and
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5.0 × 105 cells were transferred to each well. Cells were stimulated

with 10 mg/ml of KP177R, E183L, E199L, CP204L, E248R, EP402R,

B602L, or B646L for 30 h. The plates were incubated with

streptavidin-alkaline phosphatase conjugate (1:1000) diluted in

PBS containing 0.5% fetal bovine serum for 1 h, and the reaction

was developed with nitroblue tetrazolium bromochloroindolyl

phosphate toluidine salt. Spots were counted using an automated

ELISpot plate reader (IRIS, Mabtech, Sweden) and Apex software

(Mabtech) with default settings. Spleen lymphocytes (5.0 × 105)

were collected from each group and transferred to test tubes. The

cells were incubated with fluorescein isothiocyanate-conjugated

hamster anti-mouse CD3e (Cat. #553061, BD Biosciences, San

Jose, CA, USA), phycoerythrin-conjugated rat anti-mouse CD8a

(Cat. #553032, BD Biosciences), and allophycocyanin-conjugated

rat anti-mouse CD4 (Cat. #553051, BD Biosciences). Cells were

analyzed by flow cytometry (Agilent, United States), and data were

analyzed using FlowJo software version 10.6.1 (BD Biosciences).
2.10 Statistical analysis

Data are presented as means ± standard deviations (SDs). All

statistical analyses were performed using GraphPad Prism version

9.4.1.681 (La Jolla, CA, USA). Antibody titers and IFN-g and IL-4

levels were determined by two-way analysis of variance followed by

the least significant difference or Tukey’s test. Survival was

calculated using the Kaplan-Meier method. Data are shown as the

mean and standard deviation (mean ± SD). *p < 0.05; **p < 0.01;

***p < 0.001.
3 Results

3.1 Recombinant SC strains were
constructed by d-integration to achieve a
high copy number of ASFV antigens

To develop a safe and effective oral immunization strategy, the SC

strain EBY100, with GRAS status in the food industry, was utilized as

the starting strain. The structure, hydrophilicity, and epitopes of

KP177R, E183L, E199L, CP204L, E248R, EP402R, B602L, and B646L

were predicted and analyzed to obtain the truncated sequences of

antigen genes. Then, these antigen sequences were codon optimized

for expression in SC. A recombinant strain that contained ASFV

antigens on its surface and could be utilized in large-scale industrial

production was obtained using the procedure outlined in Figure 1A

and described in the Methods section.

We designed eight integration cassettes that contained the gene

of interest (ASFV antigen gene V5-DCpep) along with genes

encoding auxotrophic screening markers (TRP1 with truncated

promoter). These integration cassettes were flanked by the left

and right homology arms of the d sequence. This strategy

capitalizes on the presence of multiple copies of the d sequence

and improves recombination in SC under auxotrophic stress. These

integration cassettes were inserted into the chromosomes of eight

EBY100 strains: SC-177, SC-183, SC-199, SC-204, SC-248, SC-402,
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SC-602, and SC-646. Forty transformants were analyzed by qPCR

to identify and select recombinant strains with high copy number of

surface-expressed ASFV antigens. The tryptophan auxotrophy

necessary for transformation using these expression cassettes was

achieved by deleting the first 62 bases of the TRP1 promoter. Each

recombinant strain yielded two to five transformants with a copy

number of 10 or more (Figure 1B and Supplementary Figure 1A).

The transformants that passed the screening tests for growth

potential, genetic stability, and stable antigen expression were

selected for further experiments.
3.2 The antigen mixture was efficiently and
stably expressed on the surface of the
EBY100 strain

A thorough screening was performed to identify strains with high

DNA copy number, high growth potential, and genetic stability

(Supplementary Figures 1B, C). We compared the growth curve

(Supplementary Figure 1B) of each strain with that of the EBY100

strain and performed PCR detection (Supplementary Figure 1C) of the

target gene of the recombinant yeast for 50 consecutive generations.
Frontiers in Immunology 05
Eight recombinant strains—SC-177, SC-183, SC-199, SC-204, SC-248,

SC-402, SC-602, and SC-646—were selected based on these criteria.

Each strain was engineered to express one of eight ASFV antigen—

KP177R, E183L, E199L, CP204L, E248R, EP402R, B602L, and B646L

—on the cell surface. The a-lectin protein subunits aga1 and aga2 are

present on the yeast cell wall surface. When the aga2-fusion protein is

induced and expressed, it forms a disulfide bond with aga1 on the cell

wall surface upon secretion (Figure 2A) (46). The V5 tag on the target

gene’s C-terminus can be detected by western blotting, indirect

immunofluorescence, and flow cytometry. The V5 tag is followed by

the 12-amino acid dendritic cell-targeting peptide DCpep

(FYPSYHSTPQRP), which plays a significant role in mucosal

immunity (47, 48). Western blots revealed that Aga2-fusion proteins

were absent from all negative controls but were present in all

recombinant strains (Figure 2B). Based on glycosylation prediction,

the molecular weight of the target band was larger than the theoretical

molecular weight because of N-glycosylation modification, consistent

with the surface expression of target proteins in recombinant strains.

Furthermore, indirect immunofluorescence microscopy revealed the

presence of green fluorescent protein in the experimental groups but

not in the EBY100 negative control (Figure 2C). Aga2-ASFV antigens

had increased fluorescence, indicating high antigen expression on the
B

A

FIGURE 1

Recombinant Saccharomyces cerevisiae strains were constructed by d-integration to achieve a high copy number of African swine fever virus (ASFV)
antigens. (A) Schematic diagram of the construction of an ASFV antigen-based recombinant SC strains. The open-reading frame included Aga2, one
ASFV antigen (KP177R, E183L, E199L, CP204L, E248R, EP402R, B602L, or B646L), V5 tag, and Dcpep. P is the GAL1 promoter, and T is the MATa
terminator. The TRP1 auxotrophic screening marker with truncated promoter is indicated in orange. d-integration sites are indicated in gray.
(B) High-throughput screening of recombinant strains with high copy numbers. The copy number of each recombinant strain expressing one
antigen (SC-177, SC-183, SC-199, SC-204, SC-248, SC-402, SC-602, or SC-646) is shown in different colors.
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surface of recombinant strains. These results are consistent with flow

cytometry data (Figure 2D). Compared with the control strain, the

percentage of expression of ASFV surface antigens in the recombinant

strains was 78.7-88.3%.
3.3 The ASFV antigen-based oral
immunization strategy induced high-level
and balanced antigen-specific serum IgG
and mucosal IgA immune responses

Vaccines containing one or two ASFV antigens do not offer

substantial protection to recipients. Conversely, multi-antigen

vaccines can elicit strong immune responses, providing high

protection (22). However, antigen cocktails may result in antigenic
Frontiers in Immunology 06
competition (11). To evaluate the effects of recombinant SC strains

on the induction of humoral, mucosal, and cellular immunity, the

strains were administered orally to 8-week-old female BALB/c mice

on 0, 14, and 28 days post-primary immunization (dppi). The mice

were randomly divided into 10 groups of five animals (Figure 3A).

Groups 1 to 8 (designated single strain [SS]) were orally immunized

with SC-177, SC-183, SC-199, SC-204, SC-248, SC-402, SC-602, or

SC-646, respectively, with 2.0 × 109 colony-forming units (CFU) of

each strain per mouse. Group 9 (designated multiple strains [MS])

was orally immunized with eight strains (2.0 × 109 CFU of each

strain per animal). Group 10 (control) was orally immunized with

1.6 × 1010 CFU of the EBY100 strain. To quantify the levels of

antibodies generated by humoral and mucosal immune responses

induced by the recombinant SC strains, ELISA was performed using

recombinant proteins as coating antigens. Serum and fecal samples
B

CA

D

FIGURE 2

African swine fever virus (ASFV) antigens are efficiently and stably expressed on the surface of the EBY100 Saccharomyces cerevisiae (SC) strain.
(A) Schematic diagram of recombinant yeast strains expressing ASFV antigens. (B) Western blotting analysis of the expression of Aga2-ASFV antigens
in each recombinant SC strain. M is molecular weight markers. N, 1, 2, 3, 4, 5, 6, 7, and 8 represent SC strains EBY100, SC-177, SC-183, SC-199, SC-
204, SC-248, SC-402, SC-602, and SC-646. (C) Indirect immunofluorescence of recombinant strains. Cells were seeded on 96-well cell culture
plates, and the presence of ASFV antigens was analyzed by inverted fluorescence microscopy. (D) The level of antigen expression in each strains was
determined by flow cytometry.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1373656
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Gao et al. 10.3389/fimmu.2024.1373656
were collected from mice vaccinated at 0, 14, 28, and 42 dppi. The

levels of serum IgG titers and fecal IgA titers against specific antigens

were determined by ELISA (Figure 3B). The antigen-specific serum

IgG antibody titers were significantly higher (P<0.05) in the SS

groups than in the EBY100 group at 14 dppi, except for SC-402

(P≥0.05). A possible explanation for this result is that some mice did

not develop a strong immune response against EP402R. The

antigen-specific IgG titers elicited by the recombinant SC strains

increased as the number of immunizations increased. At 28 and 42

dppi, mice in all SS groups had acquired high levels of ASFV-specific

antibody titers (P<0.05). In addition, serum IgG antibody levels were

similar between the SS and MS groups (P≥0.05), suggesting that the

AM can induce a balanced immune response without

antigenic competition.
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Mucosal immunity protects the body from foreign pathogens,

serving as the primary barrier against invasion (49). This defense

mechanism is particularly effective in preventing disease emergence

and spread. For oral immunization strategy, the immune response

occurs in the intestinal mucosa. Intestinal antigens induce the

activation and proliferation of lymphocytes, which differentiate

and multiply in local lymph nodes. Then, lymphocytes migrate to

the bloodstream during homing and eventually return to the

intestinal mucosa (49). To evaluate the efficacy of mucosal

immune defenses, we measured ASFV-specific IgA titers in the

feces (Figure 4A). At 14 dppi, the IgA antibody titers against

KP177R, E183L, E199L, E248R, B602L, and B646L were

significantly higher in the SS group than in the EBY100 group

(P<0.05). Consistent with serum IgG responses, ASFV-specific IgA
B

A

FIGURE 3

The recombinant Saccharomyces cerevisiae (SC) strains containing African swine fever virus (ASFV) antigens induces high-level antigen-specific
serum IgG immune responses. (A) Experimental design. Eight-week-old BALB/c mice were orally inoculated with recombinant SC strains or EBY100
strain. Peripheral blood and feces were collected at different time points. The mice were sacrificed 42 days post-primary immunization (dppi).
Spleens were harvested, and lymphocytes were collected. (B) Reciprocal of recombinant SC strains-induced serum IgG titers. Humoral immune
responses to antigens KP177R, E183L, E199L, CP204L, E248R, EP402R, B602L, or B646L in the groups immunized with a single antigen or an antigen
mixture compared with the EBY100 group at 14, 28, and 42 dppi. * p < 0.05; ** p < 0.01; *** p < 0.001; not significant (ns) p≥0.05.
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antibody titers increased with the number of immunizations in all

SS groups. Moreover, fecal IgA responses were similar between the

SS and MS groups (P≥0.05). The IgG2a/IgG1 ratio is an indicator of

Th2/Th1-mediated responses. We measured ASFV-specific IgG2a

and IgG1 titers at 0, 14, 28, and 42 dppi in the MS group and

calculated IgG2a to IgG1 ratios (Figures 4B–D). At 14 dppi, ASFV-

specific IgG1 titers were higher than ASFV-specific IgG2a titers

(Figures 4B, C), suggesting that Th2 responses predominated in the

early stage of immunity. However, the IgG2a to IgG1 ratio

approached 1 as the number of immunizations increased

(Figure 4D), indicating that the recombinant SC strains induced

Th1 and Th2 responses. The oral immunization strategy effectively
Frontiers in Immunology 08
stimulated humoral and systemic mucosal immunity against

KP177R, E183L, E199L, CP204L, E248R, EP402R, B602L, and

B646L. Additionally, immunization with the AM triggered Th1

and Th2 immune responses without causing antigenic competition.
3.4 The ASFV multiple-antigen
recombinant SC strains elicited robust
antigen-specific cellular immune responses

The dietary supplementation of SC enhances the immune

response of animals by promoting lymphocyte proliferation and
B C D

A

FIGURE 4

The recombinant Saccharomyces cerevisiae (SC) strains containing African swine fever virus (ASFV) antigens induces high-level and balanced
antigen-specific serum IgG and mucosal IgA immune responses in mice. (A) Reciprocal of ASFV antigen-specific fecal IgA titers induced by the
recombinant SC strains. Mucosal immune responses to antigens KP177R, E183L, E199L, CP204L, E248R, EP402R, B602L, or B646L in the groups
immunized with a single antigen or an antigen mixture compared with the EBY100 group at 14, 28, and 42 days post-primary immunization. (B–
D) Reciprocal of recombinant SC strains-induced serum IgG2a, IgG1, and IgG2a/IgG1 titers. * p < 0.05; ** p < 0.01; *** p < 0.001; not significant
(ns) p≥0.05.
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differentiation (25, 31). Spleen lymphocytes from mice in the MS,

EBY100, or PBS groups were isolated at 42 dppi. The proliferation

of CD3+, CD4+ and CD8+ T cells in the spleen was analyzed by

flow cytometry (Figures 5A, B). Compared with the PBS group, the

number of activated CD3+CD4+ T cells and CD3+CD8+ T cells

was significantly higher (P<0.05) in the EBY100 group, which did

not carry foreign antigens. This finding supports the effectiveness of

SC as a feed additive. The number of CD3+CD4+ T cells and CD8+

T cells was higher in the MS group than in the EBY100 and PBS

groups (P<0.05). Furthermore, the percentage increase of CD4+ T

cells was higher than the percentage increase of CD8+ T cells, the

cellular immunity induced by the AM is more inclined toward

helper T cell immunity responses. In conclusion, immunization

with the AM resulted in the percentage increase of CD4+ and CD8+
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T cell. Previous studies have demonstrated that ASFV replicates in

monocytes and macrophages, leading to high viral loads in multiple

tissues and organs via the bloodstream (50). The activation of virus-

specific cellular immune responses helps control ASFV infections

(51). This study used enzyme-linked immunospot assay (ELISpot)

to investigate the impact of the AM on memory T cells

(Figures 5C, D). First, we stimulated spleen lymphocytes from

mice in the MS and EBY100 groups with KP177R, E183L, E199L,

CP204L, E248R, EP402R, B602L, or B646L. Then, we measured the

levels of IFN-g and IL-4 cytokines in lymphocyte supernatants. The

levels of IFN-g (Figure 5C) and IL-4 (Figure 5D) were significantly

higher (P<0.05) in lymphocytes from the MS group upon

stimulation with different antigens than the control antigen. IFN-

g levels were higher than IL-4 levels, suggesting that the AM induces
B

C

D

A

FIGURE 5

A recombinant Saccharomyces cerevisiae strains containing African swine fever virus (ASFV) antigens elicits robust antigen-specific cellular immune
responses in mice. (A, B) Flow cytometry analysis of the percentage of splenic CD4+ or CD8+ T cells. (C, D) The response of different groups after
in vitro stimulation, IFN-g and IL-4-producing T cells and statistical analysis. Images were acquired and quantified using a microplate reader. * p <
0.05; ** p < 0.01; *** p < 0.001.
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Th1 and Th2 immune responses, with a preference for the former.

Moreover, flow cytometry and ELISpot results indicated that the

AM effectively induced a strong ASFV-specific cellular

immune response.
4 Discussion

ASFV, one of the most complex viruses known to date, poses a

serious threat to the global swine industry. No commercial vaccine

against ASFV is currently available, except in Vietnam (23). Thus,

ASF outbreaks are mitigated by limiting pig movement and mass-

culling infected herds (5–7, 52). Disease-free countries prioritize the

prevention of ASFV infections (53, 54). ASFV is highly stable in the

environment and can survive in meat and blood for several months

at room temperature. Moreover, this virus withstands extreme

temperatures and pH (52). ASFV is transmitted through the oral

ingestion of contaminated water, feed, or aerosols. The two main

routes of infection are the digestive and respiratory tract (11).

Mucosal immunity is the first line of defense against ASFV,

providing a robust defense against infection and transmission.

Therefore, developing an oral immunization strategy for ASFV is

reasonable and feasible.

The mucosal immune system comprises gut-associated and

nasal-associated lymphoid tissues, which provide strong

protection against microbial infections (55). While most

pathogens enter the body through mucosal surfaces, injection

route primarily target the peripheral immune system (56). The

peripheral immune system—bone marrow, spleen, and lymph

nodes—combats invading pathogens and prevents further

invasion. In contrast, the mucosal immune system acts as a

barrier, preventing pathogen entry. Injectable route effectively

stimulate the peripheral immune system; nonetheless, their ability

to induce strong mucosal immune responses is unknown. Some oral

vaccines, particularly those administered via the digestive or

respiratory tract, are more effective than injectable vaccines. For

instance, the injectable Vibrio cholerae vaccine triggers a weak

immune response (49). In turn, the oral vaccine for cholera

generates adequate group protection (57). Various oral vaccines

have been successfully used to prevent human and animal diseases

(48, 56, 58–61).

SC has a higher ability to express viral antigen proteins than

prokaryotes (62). Moreover, SC has been certified as safe by the U.S.

FDA and holds a GRAS status in the food industry, making it an

ideal platform for the research and development of oral

immunization strategy. The large-scale production of low-cost

recombinant SC strains is crucial for preventing and controlling

ASFV infections. The chromosomal engineering method based on

d-integration is widely used in yeast research. However, combining

high-copy integration and stable expression is challenging (31, 32).

This study successfully obtained ASFV multi-antigen recombinant

SC strains by d-integration and high-throughput screening. The

recombinant SC strains exhibited excellent growth, genetic stability,
Frontiers in Immunology 10
and expression stability. Given the numerous potential protective

antigens of ASFV, it is generally believed that immunization with

multiple antigens can effectively prevent and control ASFV

infections. However, antigen cocktails may cause antigenic

competition (11, 22). This study demonstrated that the AM-based

recombinant SC strains expressing antigens KP177R, E183L, E199L,

CP204L, E248R, EP402R, B602L, and B646L on the surface of SC

cells did not induce antigenic competition and stimulated strong

immune responses.

The surface of lymphocytes in gut-associated and nasal-

associated lymphoid tissues possess unique adhesion molecules,

enabling these cells to re-enter mucosal sites. Upon activation by

mucosal antigens, lymphocytes undergo differentiation and

proliferation in local lymph nodes by homing. Then, lymphocytes

enter the bloodstream through the thoracic duct and return to the

mucosa. Mucosal tissues exhibit immunological interactions and

are interconnected through a common membrane immune

mechanism. Nasal and oral immunizations protect the

reproductive mucosa against herpes and papillomavirus infections

(63, 64). In line with these findings, our results showed that the oral

administration of the multi-antigen recombinant SC strains

induced systemic immune responses, including the generation of

high levels of antigen-specific IgG titers in peripheral blood and

secretory IgA titers in feces. Additionally, the recombinant SC

strains promoted the development of a substantial and balanced

population of B cells producing specific IgG1 and IgG2a antibodies.

The coordinated response between the peripheral and mucosal

immune systems is essential for combating ASFV infections.

The mucosal surface area is extensive and is the primary entry

point for most pathogens. To prevent the invasion of pathogenic

bacteria, approximately 80% of the immune cells in the immune

system are concentrated in the mucosa (56), highlighting the crucial

role of the mucosa in overall immunity. The most abundant

antibody in mucosal secretions is secretory IgA. The daily

production and secretion of IgA surpasses the combined levels of

IgM and IgG. Notwithstanding, the primary effector cells on the

mucosal surface are CD4+ and CD8+ T lymphocytes, not IgA + B

cells (60). This fact suggests that mucosal immunity relies on T cell-

mediated mechanisms and is not solely dependent on

secreted antibodies.

Cellular immunity is crucial for generating memory and effector

T cells through vaccination, resulting in long-lasting immune

protection (65). The host responses to viral infections involve

activating innate and adaptive immune systems (66). T cells

strongly protect against viral infections. CD4+ T cells stimulate

the production of antibodies by B cells and coordinate the responses

of other immune cell types (67). CD4+ T cells initiate immune

responses against infectious agents. Moreover, these cells

differentiate into Th2 and Th1 cells that drive adaptive immune

responses, while CD8+ T cells have cytotoxic activity. Thus, T

lymphocytes can improve their cytotoxic activity by increasing the

expression of CD8 proteins (68). CD8+ T cells primarily target

infected cells and clear infections through pathways involving
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perforins, granzyme, and FasL (69). Compared with the PBS group,

we found that the oral administration of the EBY100 strain

improved cellular immune responses, evidenced by the increased

proliferation of CD4+ and CD8+ T cells. Cellular immune

responses may be nonspecific but enhance host resistance,

confirming the excellent applicability of SC as a probiotic. The

invasion and proliferation of pathogenic bacteria contribute to host

death after ASFV infection (70, 71). Therefore, enhancing host

immune resistance can reduce ASFV invasion. Additionally, CD4+

and CD8+ T cell proliferation was significantly higher in mice

treated with the AM than in those treated with PBS or EBY100. This

finding suggests that the T cell immunity triggered by the multi-

antigen recombinant SC strains is based primarily on helper T cells,

as evidenced by the higher proliferation of CD4+ T cells than CD8+

T cells.

Quantifying the expression of IFN-g and IL-4 in spleen

lymphocytes stimulated by the eight ASFV antigens allowed

determining the type of immune response induced by the multi-

antigen recombinant SC strains. Th1 cells secrete IL-2, IFN-g, TNF-
a, and other cytokines, mediating cellular immune responses (72).

Th2 cells secrete IL-4, IL-5, IL-6, IL-10, and other cytokines,

mediating humoral immune responses (73, 74). IFN-g induced by

Th1-type responses provide immune protection against ASFV (74–

77). We observed that splenic lymphocytes stimulated by ASFV

antigens increased IFN-g concentrations, and IFN-g levels were

higher than IL-4 levels. Moreover, the IgG2a to IgG1 ratio supports

the conclusion that immune responses caused by the multi-antigen

recombinant SC strains are predominantly of the Th1 type.

Currently, there is no mouse vaccination model available for

African Swine Fever Virus (ASFV). ASFV isolation, culture, and

challenge studies require biosafety level 3 (BSL-3) facilities, which

poses limitations on vaccine and drug development. ASFV is a highly

complex virus that does not guarantee protection even with T cell and

humoral responses post-vaccination (78, 79). Nevertheless, high

antibody titers and cellular immune responses against multiple

antigens may indicate the host’s ability to defend against viral

infections. While mice are not the natural host for ASFV, they serve

as a viable model for assessing antigen competition and

immunogenicity. Our future research plans involve testing these

recombinant SC strains in swine, the natural host of ASFV, and

conducting challenge studies to assess their potential as ASFV vaccines.

In conclusion, the oral administration of the multi-antigen

recombinant SC strains effectively induces ASFV-specific serum

IgG and mucosal secretory IgA immune responses, activates CD8+

T cells, and stimulates a balanced immune response dominated by

Th1 cells. Therefore, this recombinant SC strains, which is both safe

and affordable, should be further evaluated in clinical trials.
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