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A B S T R A C T

Necrotic enteritis (NE) caused by Clostridium perfringens (C. perfringens) has resulted in significant losses for the
poultry industry worldwide. Currently, there is no widely promoted vaccine for NE. In this study, immunopre-
cipitation (IP) was employed to isolate immunogenic proteins of C. perfringens, and 118 potential candidate
antigens were identified through liquid chromatography-mass spectrometry/mass spectrometry (LC–MS/MS).
From these, three candidate antigen proteins were selected based on their predicted antigenicity, hydrophilicity,
stability, and transmembrane signalling properties: ArcB (an ornithine aminotransferase), TmpC (a probable
membrane lipoprotein), and EntB (a possible enterotoxin). These three proteins were successfully produced in
large quantities using Escherichia coli (E. coli), with confirmed good solubility. Both in vitro and in vivo research
demonstrated that these antigens possess strong immunogenicity, eliciting robust antigen-specific humoral and
cellular immune responses in chickens and mitigating NE symptoms caused by C. perfringens. The candidate
antigens identified through immunoproteomics hold potential as subunit vaccines against C. perfringens infection.

Introduction

C. perfringens infection causes NE, a severe intestinal disease in
poultry, characterised by reduced production performance and
increased mortality rates (To et al., 2017). NE leads to an estimated $6
billion in losses annually for the global poultry industry (Gharib-Naseri
et al., 2021). Although antibiotics are currently used to prevent and treat
C. perfringens infection in clinical practice (Gaucher et al., 2015), their
use may lead to the mutation and drift of antibiotic resistance genes,
posing significant public health and safety risks (Innes et al., 2020).
Consequently, there is an urgent need to develop new strategies for
preventing and treating NE.

Vaccination is an effective method of controlling infectious diseases
and has been highly successful in managing epidemics (Qiao et al., 2021;
Burman et al., 2023). However, a widely promoted vaccine for
C. perfringens has yet to be developed (Moore, 2024). Mishra et al.
(2017) reported that a C. perfringens attenuated vaccine candidate, based
on a non-virulent NetB-positive strain, failed to offer substantial

protection against C. perfringens challenge in chickens following oral
vaccination. Immunisation with toxoid vaccine candidates has only
provided partial protection against experimental NE (Mot et al., 2013;
Fernandes Da Costa et al., 2013). Subunit vaccines offer advantages such
as high purity, good safety, minimal reactogenicity, and high specificity
(Wang et al., 2019). Nevertheless, potential subunit antigens of
C. perfringens have been rarely reported to date (Alizadeh et al., 2021).

With advancements in proteomics and immunology, reverse vacci-
nology has been utilised to screen immunogenic antigens on a large scale
and develop new vaccine targets (Lau and Tan, 2023; Jiang et al., 2023).
Meniaï et al. (2021) employed a comparative and subtractive reverse
vaccine approach to analyse the genomes of 16 strains of C. perfringens,
identifying 12 potential immunogenic proteins. Subsequently, five of
these proteins were selected for protein expression, and their immuno-
genicity was confirmed (Heidarpanah et al., 2023b). In this study, 118
potential immunogenic candidate antigens were identified from the
whole bacterial and secretory proteins of C. perfringens using an immu-
noproteomics approach. Three proteins with predicted high
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antigenicity—EntB (a probable enterotoxin), TmpC (a probable mem-
brane lipoprotein), and ArcB (an ornithine carbamoyltransferase)—
were selected by reverse vaccinology. Their immunogenicity and pro-
tective efficacy against the C. perfringens challenge were assessed in a
chicken model, laying a solid foundation for the development of safe and
effective C. perfringens vaccines.

Materials and methods

Animal and ethical statement

Female BALB/c mice, aged 6 weeks, were purchased from the
Comparative Medicine Center at Yangzhou University (Jiangsu, China).
Two-month-old female New Zealand white rabbits were obtained from
the Songlian Experimental Animal Breeding Facility in Shanghai, China.
Specific pathogen-free (SPF) chicken embryos were acquired from
Jiangsu Boehringer Ingelheim Vital Biotechnology Co., Ltd. One-day-old
chicks were hatched using SPF chicken embryos in our laboratory. All
animals were housed in a conventional facility with unlimited access to
food and water, and their condition was monitored daily. All animal
studies conducted at Yangzhou University were approved by the Jiangsu
Provincial Experimental Animal Management Committee (license
numbers SYXK (SU) 2021-0027, SYXK (SU) 2017-0044, SYXK (SU)
2021-0026). This process complies with international law and the
ethical and welfare standards of Jiangsu Province for the use of exper-
imental animals.

Bacterial strains and growth conditions

The C. perfringens strain NE-1, used for antigen screening and chal-
lenge, is a virulent strain isolated from chickens with necrotic enteritis
and is a G-type strain positive for α and NetB toxins. E. coli BL21(DE3)
Rosetta (Tiangen, Beijing, China) was used for recombinant protein
expression. Plasmids pET-28a(+) and pET-32a(+) were employed for
recombinant plasmid construction and gene expression.

Indirect ELISA

The antibody titres against whole bacterial proteins, secretory pro-
teins, and recombinant proteins of C. perfringens were determined using
the indirect enzyme-linked immunosorbent assay (ELISA), following a
previously published method with some modifications (Heidarpanah
et al., 2023a). Whole bacterial proteins, secretory proteins, or recom-
binant proteins of C. perfringens were diluted to a concentration of 500
ng/mL in a coating buffer (0.1 M carbonate buffer at pH 9.6). Then, 100
µL was added to each well of the ELISA microtitre plate, followed by
incubation at 4◦C overnight. The plate was blocked with 5% non-fat milk
powder in phosphate-buffered saline with 0.5 % Tween 20 (PBST) at
37◦C for 3 h after rinsing with PBST. The plate was washed again before
adding the diluted test serum in PBST to each well and incubating at
37◦C for 2 h. After washing, 100 µL of horseradish peroxidase
(HRP)-conjugated secondary antibodies (1:5000, Boster Biological
Technology, Wuhan, China) was added to each well, followed by incu-
bation for 1 h at 37◦C. After further washing, 100 µL of 3, 3′,5, 5′-Tet-
ramethylbenzidine (TMB, Solarbio, Beijing, China) substrate solution
was added to each well, and the reaction was allowed to proceed for 15
min at 37◦C. The reaction was stopped by adding 50 µL of 2 M H2SO4
solution. The optical density (OD) value was measured at 450 nm.
Positive sample wells were defined as those with an OD value more than
2.1 times that of the negative control wells.

Separation of subcellular fractions of C. perfringens

The crude membrane and cytoplasmic fractions of C. perfringenswere
prepared as previously described (Teng et al., 2008). C. perfringens was
cultured overnight in BHI broth. Cells were harvested by centrifugation

at 5000× g at 4◦C for 5 min. The supernatant was filter-sterilised using a
0.22 µm filter. A saturated ammonium sulfate solution was added to the
supernatant to a final concentration of 50 %, and the mixture was
incubated at 4◦C overnight. The next day, the solution was centrifuged
at 8000 × g for 20 min at 4◦C, and the supernatant was discarded. The
precipitate was dissolved in 0.05 M Tris-HCl (pH 7.5, Solarbio, Beijing,
China) buffer before gradually adding more saturated ammonium sul-
fate solution to achieve a final concentration of 40 % ammonium sulfate.
The solution was centrifuged under the same conditions, and the pre-
cipitate was dissolved in 0.05 M Tris-HCl to obtain concentrated secre-
tory proteins. The cell pellet was washed once with 10 mL PBS (pH 7.4),
then resuspended in 10 mL PBS and treated with 1 mM protease in-
hibitor. The bacterial suspension was lysed by sonication. The
whole-cell lysate was centrifuged at 9000 × g for 30 min at 4◦C to
remove intact cells and debris. The supernatant from this step was
ultracentrifuged at 300,000 × g for 2 h at 4◦C to extract the cytoplasmic
fraction. The pellet was resuspended in 1 mL PBS, centrifuged at 300,
000× g for 30 min at 4◦C, then resuspended in 200 µL PBS to extract the
membrane fraction.

Preparation of polyclonal antibodies against whole bacterial proteins and
secretory proteins of C. perfringens in rabbits

The whole bacterial proteins and secretory proteins of C. perfringens
were subcutaneous injections to 3 female New Zealand white rabbits. An
initial vaccination was administered on day 0, and 3 booster injections
were received on days 14, 21 and 28. For the primary immunisation, 800
µg of C. perfringens whole bacterial proteins or secretory proteins were
coupled with complete Freund’s adjuvant (Sigma, USA), respectively,
whereas incomplete Freund’s adjuvant was used in vaccine formulations
to booster immunisations. Blood was drawn from both vaccinated and
unvaccinated animals a week following the final vaccination, and serum
was extracted through centrifugation (3,000 rpm, 15 min). As previ-
ously stated, indirect ELISA was applied to assess serum antibody titres.
Following the product specification (Solarbio, Beijing, China), rabbit
hyperimmune serum with antibody titres greater than 128,000 has been
dialysed utilising binding buffer. Antibodies were subsequently purified
by protein A/G affinity chromatography.

Immunoprecipitation

Protein A/G agarose beads were used for the immunoprecipitation
(IP) experiment in accordance with the product specification (Solarbio,
Beijing, China). In summary, wash 50 µL of protein A/G agarose beads
twice, utilising 0.5 mL of binding buffer. The beads were then combined
with purified antibodies and incubated at room temperature for 30 min,
followed by thorough washing with wash buffer. Next, 200 µg of
C. perfringens protein was added to the mixture, and the complex was
incubated overnight at 4◦C. The beads were washed with wash buffer,
and the pull-down antigens were eluted by boiling for 10 min at 100◦C.
The supernatant was collected after centrifugation at 12,000 rpm for 10
min and subjected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and western blot analysis. Protein digestion and
LC-MS/MS analysis were performed at GeneCreate’s Proteomics Plat-
form in Wuhan, China.

Bioinformatics analysis

The VaxiJen v2.0 program was used to predict the antigenicity of
candidate proteins based on Gram-positive bacterial signals (https://
www.ddg-pharmfac.net/vaxijen/vaxijen/vaxijen.html). The program
predicts protein antigenicity using amino acid sequences with a default
threshold of >0.4 (Safi et al., 2023). The Expasy online tool was used to
predict protein stability and hydrophilicity (Fatoba et al., 2022). The
average hydrophilicity coefficient (GRAVY) indicates hydrophilic pro-
teins with negative values and hydrophobic proteins with positive
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values. Protein stability is indicated by an instability index, with values
<40 indicating stability and values >40 indicating instability. Signal
peptide prediction was performed using the SignalP-5.0 online website
(https://services.healthtech.dtu.dk/services/SignalP-5.0/) (Almagro
Armenteros et al., 2019). The number of transmembrane helices in the
protein was predicted using the TMHMM 2.0 server (https://services.he
althtech.dtu.dk/services/TMHMM-2.0/) (Santos Junior et al., 2020).

Sequence analysis

The reference strain and C. perfringens protein amino acid sequences
were aligned using DNAMAN (v6.0) software. Linear epitopes of
C. perfringens antigens were predicted using the SVMTriP online tool
(https://sysbio.unl.edu/SVMTriP/prediction.php) (Yao et al., 2012).

Expression of recombinant antigen proteins

The primers were designed using the full genome sequence of
C. perfringens strain 13 (BA000016.3), and the entB, tmpC, and arcB
genes were amplified. The PCR products were inserted into expression
vectors pET28a(+) or pET32a(+) using a homologous recombination
approach to create recombinant expression plasmids pET28a-ArcB,
pET32a-TmpC, and pET28a-EntB. The plasmids were then transformed
into E. coli BL21(DE3) Rosetta to express the recombinant proteins. The
bacterial strains were cultured in Luria broth (LB, Oxoid) medium at
37◦C with either ampicillin (Sangon Biotech, Shanghai, China) or
kanamycin (Sangon Biotech, Shanghai, China) until they reached the
logarithmic growth phase, indicated by an OD600 of approximately 0.6.
The cultures were induced for 4 h at 37◦C using 0.5 mM IPTG. High-
affinity Ni-NTA resin (GenScript; Nanjing, China) was used to purify
the recombinant proteins. The BCA Protein Assay Kit (Beyotime,
Shanghai, China) was used to quantify the purified recombinant
proteins.

Preparation of polyclonal antibodies against recombinant proteins

The recombinant protein was appropriately diluted and combined
with an equal volume of QuickAntibody-Mouse 3W adjuvant (Bio-
dragon, Suzhou, China). Female BALB/c mice, aged 6 weeks, were
immunised with 50 µg of recombinant antigen intramuscularly in the leg
every two weeks. One week after the second inoculation, a small blood
sample was collected, and serum was separated to determine antibody
titres. When the antibody titre exceeded 1:100,000, the serum was
collected for subsequent experiments.

Antigenicity and subcellular localization analysis

Western blot analysis was performed to examine the antigenicity of
C. perfringens recombinant antigens expressed by E. coli. Purified re-
combinant proteins (10 µg) were separated using SDS-PAGE and trans-
ferred onto polyvinylidene fluoride (PVDF) membranes. The membranes
were incubated with rabbit polyclonal antibodies against whole cell or
secretory proteins of C. perfringens (1:1000). Following incubation with
HRP-conjugated goat anti-rabbit IgG antibody (Bioss, Beijing, China),
the membrane was analysed using ECL western blotting substrate.

Western blot analysis was performed on the cytoplasmic, secretory,
and membrane fractions of C. perfringens cells using mouse anti-EntB,
anti-TmpC, and anti-ArcB antisera, followed by HRP-conjugated goat
anti-mouse IgG antibody to assess the subcellular localisation of the
target antigens, as previously described.

Immunisation of chickens

To assess the immunoprotective effect of vaccine candidates, five
groups of one-day-old chicks were randomly assigned (n = 10 per
group). The group without vaccination and no challenge served as the

blank control; the group without vaccination but challenged with
C. perfringens served as the challenge control; the remaining groups were
the EntB immunisation group, TmpC immune group, and ArcB immune
group. For subunit vaccine candidate production, recombinant antigens
were diluted with PBS to 2 mg/mL, combined with MontanideTM ISA
206 VG adjuvant in a 1:1 ratio, and thoroughly emulsified. Vaccination
was performed on day 0 with 100 µg of each antigen protein in the
vaccine formulation, administered via intramuscular injection (i.m.)
into the leg muscles. Two booster immunisations were given on days 14
and 21 using the same dosage and method. The control group received
PBS mixed with MontanideTM ISA 206 VG adjuvant. Blood samples were
collected weekly from the wing vein of the control and vaccination
groups, and serum was separated to measure antibody levels until week
8.

Challenge with C. perfringens

We used a necrotic enteritis challenge model induced by Eimeria
necatrix (E. necatrix) with some modifications (Wang et al., 2022;
Mohiuddin et al., 2023). At 23 days of age, all birds except for the blank
control group were gavaged with 10,000 E. necatrix oocysts to induce
NE. Starting on day 28, all birds (except the blank control) were given
fresh C. perfringens bacterial culture, 1 mL per day by gavage, at a
concentration of approximately 5 × 108 CFU/mL, for three consecutive
days. No fasting was performed before gavage with C. perfringens
bacteria.

The C. perfringens strain NE-1, stored at -70◦C, was streaked onto
sheep blood agar medium for revival (cultured at 37◦C for 18-24 h). Ten
single colonies were picked and inoculated into cooked meat medium
and incubated anaerobically for 12 h. The bacteria were then inoculated
at a 3 % (v/v) ratio into liquid thioglycolate medium supplemented with
5 % beef extract and grown at 37◦C for 15 h as the challenge inoculum.
Fresh broth culture was prepared and used daily (Jiang et al., 2015;
Wang et al., 2022).

Intestinal lesion scoring and histopathological score

Seven chickens from each group were euthanised 4 h after the third
C. perfringens challenge on day 30 to observe gross intestinal lesions. NE
was scored using a 0-3 system: normal = 0, mild = 1 (mild mucus
coating and loss of tension, thin or brittle wall), moderate = 2 (focal
necrosis or ulceration), and severe = 3 (sloughed mucosa with blood in
the lumen) (Hofacre et al., 1998; Richardson et al., 2017).

Duodenum tissues were collected for paraffin sectioning after
dissection. H&E staining was performed for histopathological analysis.
The following criteria were used for histopathological lesion scoring: 0,
no inflammation, intact villi; 1, mild infiltration of inflammatory cells,
relatively intact intestinal villi; 2, massive lymphocyte infiltration,
villous swelling; 3, massive lymphocyte infiltration, villous necrosis or
gland hyperplasia; 4, massive lymphocyte infiltration, diffuse villous
necrosis, and shedding. The immune protection experiments for subunit
candidate vaccines were conducted three times, and the experimental
results showed the same trend; the data were pooled for analysis.

Lymphocyte proliferation analysis

Lymphocyte proliferation was assessed using the CCK-8 method
following the manufacturer’s instructions, with some modifications. The
chicken peripheral blood lymphocyte isolation kit (Solarbio, Beijing,
China) was used to isolate peripheral blood lymphocytes (PBL) from
blood samples collected from birds one week after the final immunisa-
tion. PBL were seeded at a density of 2× 105 cells per well in RPMI 1640
medium in a 96-well plate. The cells were incubated for 48 h at 37◦C
with 5% CO2. Concanavalin A (ConA) or candidate antigen proteins
were used to stimulate the cells during incubation. The candidate anti-
gen proteins and conA were diluted to 20 µg/mL and 5 µg/mL,
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respectively, in RPMI 1640 medium and then used to resuspend PBL.
Cells treated with PBS served as a negative control. After 48 h of incu-
bation, 10 µL of CCK-8 reagent (Solarbio, Beijing, China) was added to
each well, and the plate was incubated for an additional 2 h at 37◦C. The
optical density (OD) at 450 nm was measured with an automated
microplate reader. The experiment was conducted twice, and the data
were pooled for analysis. Results are presented as a stimulation index
(SI), where SI equals OD of antigen-stimulated cells/ PBS-stimulated
cells.

Quantification of cytokine mRNA expression

Quantitative PCR was performed as previously described (Zhang
et al., 2023a). PBL were cultured in 24-well plates at a density of 1× 107

cells per well under the same conditions for 48 h. Cell samples were
harvested for total RNA, which was then reverse-transcribed to cDNA.
The mRNA expression of IFN-γ, IL-2, IL-4, and IL-6 in PBL was measured
by qRT-PCR using the 7500 Fast Real-Time PCR System. The β-actin
gene was used as an internal reference. The 2− ΔΔCT method was utilised
for data analysis. The experiment was conducted twice, and the data
were pooled for analysis. Primers are provided in Table 1.

Statistical analysis

All data are presented as means ± SD unless otherwise stated. As-
terisks in the figures indicate statistical significance (*P < 0.05, **P <

0.01, ***P < 0.001). Differences among groups were analysed using the
Mann-Whitney U test with GraphPad Prism 8 .0 software.

Results

Potential immunogenic proteins of C. perfringens were obtained by
immunoprecipitation

To identify potential antigens with immunogenicity from
C. perfringens, we employed immunoproteomics and reverse vaccinology
approaches (Fig. 1). Initially, the whole bacterial proteins and secretory
proteins of C. perfringens were extracted (Fig. 2A), and polyclonal sera
against these proteins were prepared in rabbits. Subsequently, the an-
tibodies were purified using Protein A/G affinity chromatography
(Fig. 2B), and immunoprecipitation was performed separately with the
whole bacterial proteins and secretory proteins of C. perfringens
(Fig. 2C). The proteins pulled down by immunoprecipitation specifically
reacted with rabbit polyclonal antibodies against whole cell proteins or
secretory proteins of C. perfringens (Fig. 2D), indicating their potential

immunogenicity. Ultimately, a total of 118 specific proteins with po-
tential immunogenicity were identified from C. perfringens through
immunoprecipitation and mass spectrometry analysis. Among these, 21
were secretory proteins, 107 were whole bacterial proteins, and 10 were
present in both categories. With the exception of EF-TU (elongation
factor Tu) and PFO (pyruvate ferredoxin oxidoreductase), all identified
proteins have not been previously studied in the context of NE vaccine
development.

Screening of potential candidate antigens

Antigens with high antigenicity, hydrophilicity, and stability are
typically well-suited for efficient reactions and are relatively easy to
produce and purify (Margaroni et al., 2023; Zhang et al., 2023c). The
confidence score is used to evaluate and score candidate peptide se-
quences during peptide sequence identification by matching them with
experimental tandem mass spectrometry (peptide spectrum matching).
The higher the confidence score, the greater the accuracy of the iden-
tified protein (Ray et al., 2020). To screen for subunit candidate antigens
from the proteins pulled down by immunoprecipitation, we predicted
the antigenicity, hydrophilicity, stability, signal peptides, and trans-
membrane helices of the top 20 proteins with the highest confidence
scores (Table 2). Antigenicity was predicted using VaxiJen 2.0 with a
threshold of > 0.4, resulting in 16 proteins meeting the criteria. Signal
peptides were predicted using the SignalP-5.0 online tool. Trans-
membrane helices were predicted using the TMHMM online tool, and
hydrophilicity and stability were predicted using the Expasy online tool.
Among the 16 proteins predicted to be antigenic, five were excluded due
to hydrophobicity and instability. Proteins containing signal peptide
structures without transmembrane structures are likely secretory pro-
teins, which have advantages in immunity and production, such as
TmpC and EntB. Although N-acetylglucosaminidase met the criteria, it
was not selected due to its large molecular weight, which could
complicate expression. Among the remaining proteins, ArcB was
randomly selected. These three candidate proteins were subsequently
tested as potential protective antigens. They were found to have over 97
% homology across the entire genome of 18 different subtypes of
C. perfringens (Supplementary Table 1).

Homology analysis of candidate antigens in different species

To assess the amino acid sequence homology of candidate antigens
across different species, homologous proteins of EntB, TmpC, and ArcB
were randomly selected, and their amino acid sequences were aligned
and analysed using DNAMAN software. As shown in Fig. 3, the amino

Table 1
The primers information.

Primer name Sequences(5′–3′) References

pET28a-EntB-EcoRI ATGGGTCGCGGATCCGAATTCATGAATAGGAATAAGATAGCAGCTTTG This study
pET28a-EntB-XhoI GTGGTGGTGGTGGTGCTCGAGTTAAAGAACTCTTCTTGCTCTTCCTATT 
pET32a-TmpC-BamHI GCCATGGCTGATATCGGATCCGGTGATACTGGTTCTAAGGGAGACA 
pET32a-TmpC-HindIII CTCGAGTGCGGCCGCAAGCTTATTTATTAAGTCTCCTTGCTCATTAGAAA 
pET28a-ArcB-EcoR I ATGGGTCGCGGATCCGAATTCATGGCAGTTAACTTAAAAGGAAGAAGC 
pET28a-ArcB-Xho I GTGGTGGTGGTGGTGCTCGAGTTATCTTCCAGCAGTTGCTACCAT 
pET-28a-F TAATACGACTCACTATAGGG 
pET-28a-R GCTAGTTATTGCTCAGCGG 
IL-2-F TCTGGGACCACTGTATGCTCT Zhang et al. (2023a)
IL-2-R ACACCAGTGGGAAACAGTATCA 
IFN-γ-F AGCTGACGGTGGACCTATTATT 
IFN-γ-R GGCTTTGCGCTGGATTC 
IL-4-F TGAATGACATCCAGGGAGAG 
IL-4-R GGCTTTGCATAAGAGCTCAG 
IL-6-F CAAGGTGACGGAGGAGGAC 
IL-6-R TGGCGAGGAGGGATTTCT 
β-actin-F CAACACAGTGCTGTCTGGTGG 
β-actin-R ATCGTACTCCTGCTTGCTGATCC 

Note: The underline represents the restriction enzyme site.
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acid homology of ArcB among different species is approximately 65.88
%. Regions of high homology include residues 44-64 aa, 84-140 aa, 221-
237 aa, 269-277 aa, and 314-330 aa. The antigenic epitopes of the ArcB
protein from C. perfringens were predicted using the SVMTriP online tool
(Supplementary Table 2). The potential antigenic epitopes were found
within the highly homologous regions of 84-140 aa, 221-237 aa, and
314-330 aa, suggesting that these regions are potential antigenic epi-
topes. The homology of EntB and TmpC proteins across different species
is only 33.25 % and 44.03 %, respectively (Supplementary Figure 1).

The candidate antigens exhibit antigenicity and immunogenicity

To obtain highly purified antigen proteins, the candidate antigens
were cloned into pET28a(+) or pET32a(+) vectors, named pET28a-
EntB, pET32a-TmpC, and pET28a-ArcB, and transformed into E. coli
BL21(DE3) Rosetta cells. The target proteins were induced under
appropriate conditions to be expressed in soluble form, and the purified
soluble proteins were obtained through Ni-NTA affinity chromatog-
raphy (Fig. 4). The molecular weights of these three proteins were EntB

Fig. 1. Antigen screening flowchart for vaccine development. Initially, the whole bacterial proteins and secretory proteins of C. perfringens were extracted. High-
titre sera were prepared by immunising rabbits, and the antibodies were purified. Immunoprecipitation was then performed separately with the secretory proteins
and whole bacterial proteins of C. perfringens. Immunogenic proteins were identified via LC/MS-MS analysis. Candidate antigens were further evaluated based on
antigenicity, instability index, hydrophilicity (GRAVY), and transmembrane signal peptide prediction. Finally, the immunogenicity and immune-protective efficacy
of candidate antigens were determined through in vitro and in vivo experiments.

Fig. 2. Extraction of C. perfringens protein, purification of rabbit anti-C. perfringens antibodies, and analysis of immunoprecipitation. (A) Equal volumes
(10 µL) of whole bacterial proteins and secretory proteins of C. perfringens were analysed by SDS-PAGE. (B) Purification of rabbit anti-C. perfringens antibodies by
protein A/G affinity chromatography. Lane 1: rabbit serum before purification; Lane 2: the flow-through fraction; Lanes 3-5: purified rabbit anti-C. perfringens
antibodies. (C) SDS-PAGE and (D) western blot analysis of C. perfringens protein immunoprecipitation eluate. The immunoprecipitation eluate (5 µL) was separated by
SDS-PAGE and analysed by western blot with antibodies against C. perfringens whole bacterial proteins or secretory proteins.
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Table 2
Predicting the antigenicity, stability, and transmembrane signal of C. perfringens proteins.

No. Accession No. Proteins Antigenicity score Signal peptide Instability index GRAVY TMHs

1 BAB82113.1 EF-Tu(Elongation factor Tu) 0.3218 Other 34.27 -0.204 0
2 BAB82237.1 AdhE(Aldehyde-alcohol dehydrogenase) 0.4548 Other 28.67 -0.080 0
3 BAB79875.1 ArcB(Ornithine carbamoyl transferase) 0.4492 Other 37.92 -0.362 0
4 BAB81406.1 RpsB(30S ribosomal protein S2) 0.3004 Other 38.92 -0.373 0
5 BAB81286.1 TmpC(Probable membrane lipoprotein TmpC) 0.5877 Sec/SPII 20.06 -0.299 0
6 BAB81764.1 Glutamate decarboxylase 0.5083 Other 34.15 -0.269 0
7 BAB81060.1 EntB(Probable enterotoxin) 0.9092 Sec/SPI 31.88 -0.580 0
8 BAB81855.1 PykA(Pyruvate kinase) 0.5216 Other 29.73 -0.017 0
9 BAB81037.1 RubY(Rubrerythrin) 0.4161 Other 33.01 -0.458 0
10 BAB80766.1 conserved hypothetical protein 0.4447 Other 43.38 0.050 1
11 BAB82049.1 probable maltose ABC transporter 0.3946 Sec/SPII 28.78 -0.250 1
12 BAB81973.1 Glucose-6-phosphate isomerase 0.4627 Other 39.51 -0.305 0
13 BAB81886.1 cell shape determining protein 0.3731 Other 35.24 0.059 0
14 BAB80937.1 N-acetylglucosaminidase 0.6137 Sec/SPI 28.07 -0.528 0
15 BAB81438.1 conserved hypothetical protein 0.4910 Other 40.25 -0.297 0
16 BAB81379.1 RecA 0.6260 Other 41.17 -0.198 0
17 BAB80774.1 FabH(3-oxoacyl-[acyl-carrier-protein] synthase 3) 0.5474 Other 30.31 -0.089 0
18 BAB80395.1 conserved hypothetical protein) 0.5320 Other 31.81 -0.358 0
19 BAB80003.1 TktC(Transketolase C-terminal section 0.5496 Other 29.40 0.066 0
20 BAB80527.1 PTS system 0.4248 Other 39.85 -0.310 0

Fig. 3. Analysis of ArcB protein amino acid sequence homology from different species. The Amino acid homology of ArcB was analysed using DNAMAN (v6.0)
software. Black shading represents 100 % homology, while pink shading represents homology greater than 75 %. The red box highlights regions of high homology.

Fig. 4. SDS-PAGE analysis of recombinant protein expression and purification. Recombinant proteins were expressed in E. coli and purified using high-affinity
Ni-NTA resin. (A) SDS-PAGE analysis of recombinant protein expression. Lane 1: lysis supernatant of expression strain; Lane 2: lysis precipitate of expression strain.
(B) SDS-PAGE analysis of purified recombinant proteins.
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(~59.5 kDa), TmpC (~55.3 kDa), and ArcB (~37.5 kDa).
To evaluate the immunogenicity of the antigens, polyclonal antisera

against EntB, TmpC, and ArcB were prepared in mice. Western blot
analysis was performed using recombinant protein antisera on subcel-
lular fractions of C. perfringens. The antisera for all antigens exhibited
specific reactions with subcellular fractions of C. perfringens. Consistent
with the immunoprecipitation results, EntB was primarily expressed in
the secretory proteins of C. perfringens, with minimal expression in the
cytoplasm and membrane proteins, while TmpC and ArcB were mainly
expressed in the cytoplasm (Fig. 5A).

To determine the antigenicity of the recombinant proteins, western
blot analysis was performed using rabbit polyclonal antibodies against
whole cell proteins or secretory proteins of C. perfringens with EntB,
TmpC, and ArcB recombinant proteins. All three proteins reacted spe-
cifically with rabbit anti-C. perfringens antibodies, while the corre-
sponding negative control showed no significant reaction (Fig. 5B and
C). EntB exhibited specific reactions with both antibodies against whole
bacterial proteins and secretory proteins of C. perfringens, while TmpC
and ArcB showed specific reactions with antibodies against whole bac-
terial proteins only, confirming the results of the antigen immunoge-
nicity tests.

Candidate antigens induce robust adaptive immune response

To assess the serum specific-IgY antibody response levels of the three
subunit antigens in chickens, serum was collected weekly from two
weeks after the initial immunisation, and indirect ELISA was used to
detect serum antibody titres (Supplementary Figure 2). The specific-IgY
titres of EntB, TmpC, and ArcB in chickens were 1× 104.2, 1× 103.7, and
1 × 104.1, respectively, one week after the third immunisation (Fig. 6B).
The specific humoral immune responses induced by all three candidate
antigens in chickens were significantly higher than those in the PBS
immune group (P < 0.01), indicating that these antigens possess
excellent immunogenicity.

Peripheral blood lymphocytes (PBL) were used to evaluate the
cellular immune response elicited by candidate subunit vaccines in
chickens. The proliferation level of lymphocytes induced by EntB,
TmpC, and ArcB was significantly higher than that of PBL stimulated by
PBS (P < 0.01; Fig. 6C). PBL stimulated with EntB, TmpC, and ArcB
recombinant proteins generated substantially greater mRNA levels of
IFN-γ, IL-2, IL-4, and IL-6 compared to PBS-treated cells (P < 0.01;
Fig. 6D-G).

Vaccine candidates protect chickens against C. perfringens infection

Pathogenic C. perfringens strains were gavage-administered to
experimental chickens daily from day 28 to day 30 after the third

immunisation. The protective effect against NE was assessed by scoring
intestinal lesions 4 h after the final infection. All three subunit vaccine
candidates significantly reduced the intestinal lesion score compared
with the challenge control (P < 0.01). Specifically, the challenge control
showed blood clots or tightly attached cellulose exudation in the intes-
tine lumen. When these exudates were removed, extensive punctate
necrosis appeared in the intestinal mucosa. In contrast, all three subunit
vaccine candidate immunisation groups markedly reduced
C. perfringens-induced damage to the gut (Fig. 7A and B).

Histopathological observations revealed that the challenge control
group exhibited intestinal gland hyperplasia (red arrows), villous ne-
crosis and dissolution (blue arrows), with the surface covered by
necrotic tissue and a large number of lymphocytes, compared to normal
intestinal tissues. The EntB, TmpC, and ArcB immune groups showed
relatively intact mucosal structures, with only villous swelling, a small
amount of epithelial cell shedding, and minor lymphocyte infiltration
(Fig. 8A). The challenge of C. perfringens resulted in significantly
reduced inflammatory response and histopathological scores in the three
subunit vaccine candidate immunised groups compared to the challenge
control group (P < 0.01; Fig. 8B).

Discussion

NE caused by C. perfringens is a serious intestinal disease in poultry
production, and there is currently no effective approach to prevent the
onset of NE (Alizadeh et al., 2021). In this study, we examined three
potential protective antigens that demonstrated considerable immuno-
genicity and could offer excellent protection against C. perfringens
infection in chickens.

The immunogenicity and antigenicity of antigens are critical for the
development of subunit vaccines, as they determine whether the vaccine
can induce sufficient and long-lasting protective immunity after
immunisation (Zhang et al., 2023b). In this study, the three selected
candidate antigens exhibited excellent antigenicity and immunoge-
nicity, indicating their potential as attractive antigen targets. The ca-
pacity of subunit antigens to trigger early specific immune responses in
chickens is an important indicator of their vaccine potential, as it pro-
vides immune protection for chickens before they become susceptible to
NE (Cooper and Songer, 2009). Studies have shown that chickens have
depleted maternal antibodies at three weeks of age, a critical period for
the prevalence of NE (Keyburn et al., 2013). In our research, the
specific-IgY titres of EntB, TmpC, and ArcB in chickens were all signif-
icantly higher than those in the PBS immune group at three weeks of
age, indicating that these candidate antigens induced strong specific
humoral immune responses in chickens when antibodies were most
needed.

Classically, antigens secreted into the extracellular space are more

Fig. 5. Immunogenicity and antigenicity analysis of candidate antigens. (A) Immunogenicity and subcellular localisation of candidate antigens were inves-
tigated using western blot analysis. Secretory, cytoplasmic, and membrane proteins (10 µg each) were separated by SDS-PAGE. The membrane was incubated with
anti-EntB, anti-TmpC, and anti-ArcB antisera. To evaluate antigenicity, western blot analysis was performed by incubating the recombinant proteins (10 µg each)
with antibodies against the whole bacterial protein (B) or secretory protein (C) of C. perfringens.
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easily recognised by antigen-presenting cells (APCs), thereby activating
a more significant immune response (Xin et al., 2008). In this study,
among the three proteins predicted to have high antigenicity, EntB was
identified as a secretory protein. Consistent with the research of Xin
et al., the cellular responses and antibody titres induced by EntB were
the highest among the three proteins (Xin et al., 2008), indicating that
the secretory nature of EntB confers better antigen accessibility and
immunogenicity. Heidarpanah et al. immunised broiler chickens with
five surface or secreted proteins from virulent C. perfringens, producing
high-specificity serum IgY titres and providing partial protection against
necrotic enteritis in broiler chickens (Heidarpanah et al., 2023a). Our
results demonstrate a feasible approach to screening antigens, priori-
tising those with secretory properties or surface localisation.

Activated innate immunity promotes the maturation of APCs and the
activation of T cells, which are critical for the protective immune
response elicited by vaccines (Iwasaki and Medzhitov, 2010; Ko et al.,
2022). In this study, all three proteins induced a significant upregulation
of IL-6, with TmpC inducing the highest expression level of IL-6. These

Fig. 6. Specific immune response induced by candidate antigens in chickens. (A) Immunisation and challenge procedures for subunit vaccine candidates. The
experiment was conducted in triplicate. (B) Antigen specific-IgY titres in serum were measured by ELISA one week after the third vaccination. (C) Proliferative
response of peripheral blood lymphocytes in chickens measured using the CCK-8 method. (D-G) Quantification of IFN-γ, IL-2, IL-4, and IL-6 mRNA transcript levels in
lymphocytes using RT-qPCR. P values were calculated by Mann-Whitney U test (ns, not significant; ***P < 0.001, **P < 0.01, *P < 0.05). Data are expressed as mean
± S.D.

Fig. 7. Intestinal lesion score. Four hours after the final challenge, all birds
were euthanised and dissected for observation of intestinal lesions (A) and NE
lesion scores (B). The experiment was conducted in triplicate (n = 7). P values
were calculated by Mann-Whitney U test (ns, not significant; ***P < 0.001).
Data are expressed as mean ± S.D.
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findings suggest that TmpC induces innate immunity while promoting
the elevation of acquired immunity, thereby facilitating an immune
response to C. perfringens infection through a systemic approach.

The ArcB gene encodes ornithine carbamoyltransferase, an enzyme
widely distributed in bacteria (Oosthuizen et al., 2002; Yi et al., 2020).
In our research, the amino acid homology of ArcB in different bacteria is
approximately 65.88 %. Regions with high homology, such as 84-140
aa, 221-237 aa, and 314-330 aa, are potential epitope enrichment re-
gions, suggesting that when considering the immunogenicity of ArcB
proteins in other bacterial species, focus should be placed on the
aforementioned amino acid residue sites.

NE is a multifactorial disease, and previous NE models have been
unstable (Fries-Craft et al., 2023). In this study, we induced NE by
E. necatrix inoculation for five days prior to the C. perfringens challenge,
resulting in moderate to severe NE lesions in all birds in the challenge
control group. All three candidate antigens significantly reduced NE
lesion scores and histopathological lesion scores compared to the chal-
lenge control group, indicating that these subunit vaccine candidates
provide significant immune protection against C. perfringens infection in
chickens.
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